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Structured Memories >> 


High-density magnetic memory is generally produced by 
using ferromagnetic materials. As the density increases and 
the memory elements become closer together, stray fields 
can result in cross-talk and a corruption of the stored infor- 
mation. Antiferromagetic structures, however, are expected 
to be relatively insensitive to magnetic fields and so should, 
in principle, allow the elements to be packed in even closer. 
Loth et al. (p. 196) carried out low-temperature experi- 
ments to construct antiferromagnetic structures atom by 
atom. Electrical switching of the magnetic states was ob- 
served, and data could be robustly stored on the structure 


for several hours, albeit at low temperature. 


Why Wait? 


Tropospheric ozone can be dangerous to human 
health, can be harmful to vegetation, and is a ma- 
jor contributor to climate warming. Black carbon 
also has significant negative effects on health and 
air quality and causes warming of the atmosphere. 
Shindell et al. (p. 183) present results of an anal- 
ysis of emissions, atmospheric processes, and im- 
pacts for each of these pollutants. Seven measures 
were identified that, if rapidly implemented, 
° e would significantly reduce global 
6 warming over the next 50 years, with 
yy eo, the potential to prevent millions 
“7 @ of deaths worldwide from outdoor 
2) air pollution. Furthermore, some 
Cy crop yields could be improved by 


decreasing agricultural damage. 
Most of the measures thus appear to 

have economic benefits well above the 
cost of their implementation. 


TACE Trafficking 


The cytokine tumor necrosis factor (TNF) is a 
major driver of inflammation and contributes 

to the immune pathology seen in a variety of 
diseases, including inflammatory bowel disease, 
rheumatoid arthritis, and sepsis. Soluble TNF is 
produced by cleavage of its ectodomain by the 
ADAM family metalloprotease, TNFar-converting 
enzyme (TACE). However, the molecular regula- 
tion of TACE is not understood (see the Perspec- 
tive by Lichtenthaler). Adrain et al. (p. 225) 
and Mcllwain et al. (p. 229) now show that 

the rhomboid family member iRhom2 interacts 
with TACE in macrophages and is required for its 
proper intracellular trafficking and activation. In 
the absence of iRhom2, TACE was not released 


from the endoplasmic reticulum, and active 
protease did not reach the cell surface. Because 
of an inability to produce TNF, iRhom2-deficient 
mice were more resistant to lipopolysaccharide- 
induced septic shock but could not adequately 
control a Listeria monocytogenes infection. 


Binary Revelation 


Binary star systems that contain a neutron star 
or a black hole are expected to emit gamma 
rays. These gamma-ray binaries are a rare class 
of objects, which are also expected to emit x- 
rays. Indeed, several such systems were initially 
detected through their x-ray emission. The 
Fermi LAT Collaboration (p. 189; see the Per- 
spective by Mirabel) reports the detection of a 
gamma-ray binary that was previously unknown 
as an x-ray source. Follow-up observations 
reveal that the system is also a source of x-rays 
and that the companion star is a class O star, a 
type that is very hot and very luminous. 


Breaking Up the Indivisible 


The famous Millikan oil drop experiment 
demonstrated that electric charge is quantized 
and cannot be divided into parts smaller than 
that of an electron. Decades later, the fractional 
quantum Hall effect was discovered that could 
only be explained through the existence of quasi- 
particles of fractional charge. Now, Isakov et al. 
(p. 193) numerically demonstrate the existence 
of an even more exotic object, a fractionalized 
quantum critical point (QCP), in the so-called 
Kagome lattice of bosons. Quantum Monte Carlo 
simulations were used to measure the critical 
exponents and revealed the fractionalization by 
comparison with a QCP of real bosons. 


Dispersal in 3D 


The fabrication of composites containing small pro- 
portions of nanoparticles is limited by the ability to 
disperse the particles uniformly in all three dimen- 
sions. Erb et al. (p. 199; see the Perspective by 
Fratzl) describe a process for creating nanoparticle 
composites in which a magnetic field is used to 
align the nanoparticles. Surprisingly, the magnetic 
alignment of iron-oxide functionalized nanorods 
and discs was enabled using very small magnetic 
fields and low-volume fractions of magnetic nano- 
particles, which allowed control of the orientation 
of the nanorods and discs three-dimensionally. 


Fluoride Riboswitch 


Riboswitches are found in prokaryote and 
eukaryote messenger RNAs (mRNAs), where they 
regulate expression of the linked mRNA through 
ligand binding and conformational change. 
Baker et al. (p. 233, published online 22 Decem- 
ber) analyzed the binding properties of the “crcB 
motif” found in the noncoding RNA at the 5’ 

end of a diverse collection of prokaryotic genes. 
AcrcB motif from Pseudomonas syringae was 
capable of selectively sensing the very small and 
highly charged fluoride ion. Some of the crcB and 
eriC genes associated with the fluoride riboswitch 
showed evidence of being fluoride transporters. 
The bacterium Methylobacterium extorquens 
DM4, which can use halogenated hydrocarbons 
as an energy source, was found to encode at least 
10 fluoride riboswitches in its genome. 


Criegee Sighting 


Standard mechanistic models for the reaction of 
ozone with unsaturated hydrocarbons implicate 
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This Week in Science 


a transient carbonyl oxide compound, termed the “Criegee intermediate,” which has largely eluded 
detection. Welz et al. (p. 204; see the Perspective by Marston) have now detected the compound by 
using mass spectrometry, following the low-pressure photolytic reaction of oxygen with diiodometh- 
ane, and measured its decay kinetics in the presence of nitric oxide, nitrogen dioxide, and sulfur 
dioxide. Reaction rates were higher than expected, suggesting that the intermediate may play a 
more prominent role in atmospheric chemistry than previously assumed. 


Riding the Wind 


Pelagic seabirds rely on wind to move between breeding and foraging areas, and albatrosses—which 
travel thousands of kilometers over sea—are well-known wind riders. Weimerskirch et al. (p. 211; 
see the cover) monitored foraging and reproduction in wandering albatrosses over 40 years and 
found that a change in wind patterns, probably induced by climate change, had a notable impact 

on important life history traits. Greater wind strength increased the rate of travel for the birds and 
shortened their foraging trips. These shorter trips improved breeding success and resulted in an 
increase in adult mass. Thus, over the past half-century, environmental changes have improved 
conditions for the albatross. 


Parasite Invasion Strategy 


Exocytosis is essential to the lytic cycle of apicomplexan parasites and is required for the pathogen- 
esis of toxoplasmosis and malaria. DOC2 proteins recruit the membrane fusion machinery required 
for exocytosis in a Ca2*-dependent fashion. Farrell et al. (p. 218) describe the phenotype of a 
Toxoplasma gondii conditional mutant impaired in host cell invasion and egress. The phenotype 
was explained by a defect in secretion of the micronemes, an apicomplexan-specific organelle that 
contains adhesion proteins. A 7. gondii Doc2 gene was identified, by whole-genome sequencing, to 
be involved in the secretion defect, and a conditional allele of the orthologous gene engineered into 


the malaria parasite, Plasmodium falciparum, also caused defects in microneme secretion. 


That Sweet Sensation 


Photosynthesis in the leaf generates sucrose that must be transported 
via the phloem to other parts of the plant in order, for example, to 
be incorporated into harvestable produce. Studying Arabidopsis and 
rice, Chen et al. (p. 207, published online 8 December; see the 
Perspective by Braun) identified the SWEET family of sucrose efflux 
transporters that are responsible for carrying sucrose out of the leaf 
cells. When the transporters were disabled, sucrose accumulated in the leaves. Functioning properly, 
the SWEET transporters carry sucrose across the plasma membrane and other transporters move it 
further into the phloem. 


Doing the Side Step 


The molecular motor, dynein, contains two ring domains responsible for its movement along the 
microtubule. However, how the rings move relative to each other during processive motility and whether 
dynein processivity requires interhead coordination are unclear. To directly observe how dynein “walks” 
along microtubules, DeWitt et al. (p. 221, published online 8 December) performed advanced fluores- 
cence-imaging studies to follow both motor domains of a single dynein motor at nanometer resolution. 
The data suggest that the two heads do not cooperate during movement, which suggests a fundamen- 
tally different mechanism of motility from that observed for other microtubule-based motors. 


Long-Lasting Pain Killers 


Opioids are among the most widely used and extensively studied drugs in the world. A continuous 
application of relatively low opioid doses is thought to be necessary to maintain synaptic depression in 
pain pathways. Drdla-Schutting et al. (p. 235) found that a single opioid application could produce 
lasting reversal of synaptic long-term potentiation in pain pathways. Chronic pain is often associated with 
synaptic potentiation in nociceptive pathways. A brief, high-dose application of opioids depotentiated 
long-term potentiation in spinal pain pathways. The same dose also reversed hyperalgesia in behaving 
animals. Thus, opioids not only attenuate pain but also may eradicate a significant cause for chronic pain. 
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EDITORIAL 


It's the Teachers 


THE POOR PERFORMANCE OF U.S. STUDENTS ON INTERNATIONAL MEASURES OF SCIENCE AND MATH 
has been bemoaned by everyone from the president to concerned parents. The first Trends in 
International Mathematics and Science Study (TIMSS) results were released in 1995 and the 
first Program for International Student Assessment (PISA) test results in 2000. The education 
reforms that they helped to motivate have had little impact on U.S. performance, and the coun- 
try continues to hope for a simple solution that will miraculously turn the tide. But there are no 
quick fixes in the world of education. Instead, the United States must commit to the laborious 
task of improving the teachers we train and the environment in which they teach, while provid- 
ing teachers with a respect and trust commensurate with their critical societal roles. 

The U.S. education system has methods at its disposal to improve science and math 
education, such as inquiry-based learning, collaborative problem-solving, and exciting 
and timely curricula. But no approach can be successfully sus- 
tained without bright, well-prepared, and well-supported teachers. 
Finland has scored near the top of the PISA examinations for the 
past decade, and the lessons of its success are simple: Recruit the 
best and the brightest to be teachers, and train them extensively and 
well.* Give them the freedom to develop teaching skills, indepen- 
dence from centralized authority, and ample time to prepare lessons 
and to interact with peers and students outside the classroom. And 
as I discovered on a recent visit there, Finland acknowledges the 
central role of teachers in society, as demonstrated by the respect 
accorded teachers and the high demand of young people to be 
teachers, despite salaries at the national average. 

This approach is radically different from what happens in the United 
States, where the brightest are often not recruited into teacher educa- 
tion. Many U.S. colleges and universities provide substandard training, 
focused on methods classes to the exclusion of rigorous education in the disciplines that many 
will teach. Future teachers are educated only through the bachelor’s degree level, in contrast to 
Finland, where all teachers must have a master’s degree. Unlike Finnish teachers, U.S. teach- 
ers are on the treadmill of teaching to endless standardized tests, and there is little recognition 
of the importance of time spent with peers or participating in professional development. Most 
importantly, society does not give teachers the respect they deserve as professionals. 

So what should the United States and other nations struggling with similar problems 
do? It took Finland decades to change its learning environment. Every change was initially 
opposed, but it now has one of the best educational systems in the world. The United States 
can start by raising the bar for acceptance into teacher education (Finland accepts only about 
1 in 10 applicants for teacher training). We must also rigorously train teachers not only in 
pedagogy but in subject matter. Much of the high turnover rate of U.S. math and science 
teachers is due to inadequate professional development and limited classroom autonomy, t 
so in addition to improving training, it is critical to change the work environment in schools. 

The United States is a large, diverse country, and a federal mandate to implement such 
changes is impractical and unrealistic. But many states have centralized funding and certi- 
fication practices. States can close down underperforming teacher training and certification 
programs, reduce standardized testing, and recognize excellence in teaching, just as they 
now help to ensure quality textbooks and curricula. 

As Finland has shown, the answer to the problem that beleaguers many nations is a 
straightforward commitment to both value and trust the most important part of any success- 
ful educational system—the teacher. —John E. Burris 


10.1126/science.1218159 


*P. Sahlberg, Finnish Lessons (Teachers College Press, New York, 2011). 
R. Ingersoll, H. May, The Magnitude, Destinations and Determinants of Mathematics and Science Teacher Turnover 
(Consortium for Policy Research in Education, University of Pennsylvania, Philadelphia, 2010). 
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PLANT SCIENCES 


To Grow or Not to Grow 


A pollen grain that lands on a compatible pistil 
(the central female reproductive organ of flower- 
ing plants) still has a ways to go before it can 
achieve successful fertilization. Pollen grains 
contain plant sperm cells, but must also grow 
a tube through which the sperm cells migrate 
from the pistil surface to the more distant ovule. 
The factors that regulate this process are not 
well defined. Qin et al. have now identified a 
small diffusible compound from the Arabidopsis 
pistil that encourages pollen germination. After 
mass spectrometry analysis identified the key 
compound, the authors synthesized structural 
mimics: N-methanesulfinyl 1- and 2-azadeca- 
lins. Although flavonols can trigger germina- 
tion of tobacco pollen, they do not have that 
effect on Arabidopsis pollen. Arabidopsis pollen 
germination instead seems to be enhanced by 
the sulfinylated azadecalins, which have no such 
effect in tobacco. These findings, along with 
quantitative differences in responses of pollen 
from Columbia and Landsberg accessions of 
Arabidopsis, hint at some level of divergence 
and specificity in how these signals interact with 
pollen of diverse species. — PJH 

Plant J. 68, 800 (2011). 


BIOMEDICINE 
A Recipe for Brain Injury 


Type 2 diabetes, hypertension, heart disease, 
stroke, osteoarthritis, cancer. In case the list of 
health issues associated with a poor diet and 
obesity is not daunting enough, new research 
has uncovered another candidate—brain injury. 
Studying rodent models susceptible to diet- 
induced obesity, Thaler et al. examined the 
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effect of a high-fat diet on a brain region called 
the hypothalamic arcuate nucleus, which has a 
well-established role in feeding and energy 
balance. Consumption of a high-fat diet caused 
a spike in hypothalamic inflammation and 
was accompanied by gliosis, an activation of 
astrocytes and microglia that normally occurs 
in response to brain injury. In contrast to 
high-fat diet—induced peripheral tissue 
inflammation, which primarily occurs in 
response to weight gain, brain inflamma- 
tion occurred rapidly upon high-fat diet 
initiation. Although initially transient, hy- 
pothalamic inflammation reappeared with 
prolonged consumption of a high-fat diet 
along with other indicators of brain injury 
such as increased abundance of neuro- 

nal stress proteins, increased neuronal 
autophagy, and ultimately neuronal loss. 

In a preliminary analysis, the authors saw 
radiologic evidence of gliosis in the hypo- 
thalamus of obese but not lean humans, 
consistent with the rodent studies. One 
hypothesis is that the hypothalamic injury 
caused by a high-fat diet actively contrib- 
utes to the progression of obesity and its 
associated metabolic disorders, but this remains 
to be experimentally established. — PAK 


J. Clin. Invest. 122, 153 (2012). 


DEVELOPMENT 
Methylate for Males 


For some fish and reptiles, the genetic sex of an 
individual can be overridden by extreme tem- 
perature shifts, an effect that results in skewed 
sex ratios. One such species, the European sea 
bass, shows a male-biased sex ratio in response 
to high temperatures experienced before gonad 
development. How temperature affects sex 
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Speaking Up Saves Lives 


Each year, almost twice as many people die as a result of injuries suffered in road 
traffic accidents as from malaria. Most of these deaths occur in developing countries, 
and inexpensive and easy-to-implement measures to reduce this toll could offer a big 
payoff. Habyarimana and Jack describe a simple nudge applied to the minibus-based 
long-distance transport system linking major towns to Nairobi, Kenya. Stickers en- 
couraging passengers to speak up if they were subject to bad driving and a lottery to 
discourage drivers from removing the stickers combined to halve the number of insur- 
ance claims at a cost of less than 6 USD per year of life saved, which is comparable to 
the cost of childhood vaccinations. — GJC 


J. Public Econ. 95, 1438 (2011). 


ratios at a molecular level, however, is not well 
understood. Navarro-Martin et al. investigated 
this and found enhanced methylation of the 
promoter of the cyp19a gene in males as 
compared to females. cyp19a encodes gonadal 
aromatase, the enzyme that converts male 
hormones into the female hormones that are 


required for ovarian development. Increased 
methylation of the aromatase promoter was 
associated with reduced expression of the aro- 
matase enzyme in males. Temperature increases 
resulted in increased methylation of the aroma- 
tase promoter in females, which was accom- 
panied by a decrease in gene expression. On 
the basis of these results, the authors conclude 
that aromatase probably controls temperature 
sex determination in the European sea bass. 
Whether these results have implications for sex 
determination in other species remains to be 
determined. — LMZ 

PLoS Genet. 7, €1002447 (2011). 


13 JANUARY 2012 


147 


Downloaded from www.sciencemag.org on January 12, 2012 


150 


Bethesda, Maryland 1 


Acting Director Discusses New 
Translational-Science Center 
This month, the National Institutes of Health 
(NIH) launched a new $575 million cen- 
ter that aims to tackle bottlenecks in drug 
development and speed the translation of 
basic discoveries into therapies. In an inter- 
view with Sciencelnsider, Thomas Insel, 
the acting director of 
the National Center 
for Advancing Trans- 
lational Sciences 
(NCATS), discussed 
the aims, structure, and 
temporary leadership 
of the controversial 
new center. 

Insel dismissed 
reports that industry is skeptical: Indus- 
try leaders told NIH that they would “love 
to have help” with improving their R&D 
efforts, Insel said. Insel also clarified that he 
is not a candidate to become NCATS’s per- 
manent director. http://scim.ag/TomInsel 


Rehovot, Israel, and Leipzig, Germany 2 


Joint German-lsraeli Research 
Center Planned 
The Munich-based Max Planck Society is 
teaming up with Israel’s Weizmann Institute 
of Science to create a joint center devoted 
to studying archaeology and human evolu- 
tion, to be based in both Rehovot, Israel, and 
Leipzig, Germany. The center will focus 
on questions such as the timing of cultural 
change over the past tens of thousands of 
years and the nature of coexistence between 
Neandertals and modern humans. 

On 11 January, Max Planck President 
Peter Gruss, and Daniel Zajfman, president 


of the Weizmann Institute in Rehovot, signed 
a contract to create the new Max Planck 
Weizmann Center for Integrative Archaeol- 
ogy and Anthropology, worth about €5 mil- 
lion over the next 5 years. It will be funded 
by the Max Planck’s Minerva Foundation, 
which has supported German-Israeli col- 
laborations since the 1960s. 

The money will fund up to 10 postdocs or 
graduate students in each city, says anthro- 
pologist Jean-Jacques Hublin of the Max 
Planck Institute for Evolutionary Anthro- 
pology in Leipzig. It will also support 
infrastructure and equipment. Hublin and 
archaeologist Steve Weiner of the 
Kimmel Center for Archaeological 
Science at the Weizmann will 
co-direct the new center. 
http://scim.ag/PlanckCenter 


Bhubaneswar, India 3 


Singh Promises Windfall 
for India's Scientists 


India’s Prime Minister Manmohan 
Singh has vowed to more than dou- 
ble his nation’s spending on R&D 
over the next 5 years and build two 
major research facilities. The pledge, 
made 3 January at the annual Indian 
Science Congress, is expected to be 
a highlight of the government’s new 
5-year plan being finalized before its sub- 
mission to parliament in March or April. 
Singh said he will seek to boost the 
country’s R&D expenditures to at least 2% 
of gross domestic product by 2017, up from 
the current 0.9%. According to his target 
for the central government, over the next 
5 years public R&D spending would rise to 
about $8 billion per year, up from $3 billion 
spent in 2011. The R&D windfall stems 
in part from Singh’s belief that Indian sci- 


entists are not keeping pace with peers in 
China and elsewhere. “Over the past few 
decades, India’s position in the world of sci- 
ence has been declining, and we have been 
overtaken by countries like China. Things 
are changing, but we cannot be satisfied 
with what has been achieved,” Singh said. 
“We need to do much more to change the 
fate of Indian science.” 
http://scim.ag/Indiaresearch 


Ashmore Reef, Australia 4 
Dwindling Sea Snakes 


Sea snakes could be going missing from a 
haven in the Pacific Ocean. Ashmore Reef, 
a colorful marine community off the coast 
of western Australia, has long been consid- 
ered a hotbed of sea snake diversity. Here, 
17 species, including three endemics, ply 
the waters. In surveys conducted through- 
out the 1990s, Michael Guinea of Austra- 
lia’s Charles Darwin University found up 
to 70 snakes per hectare in this reef; now 
there is less than 1 snake per 10 hectares, he 
reported last week at the annual meeting of 
the Society for Integrative and Compara- 
tive Biology in Charleston, South Carolina. 
Anecdotal evidence suggests the loss may 
extend at least 1000 kilometers down the 


Snake shortage. Sea snakes like 
this Stokes’ sea snake (Astrotia 
stokesii) are becoming rarer in parts 
of the Pacific Ocean. 


northern coast of western Australia. The 

reef still looks pristine, with coral and sea 
grass intact. So it seems unlikely that climate 
change or increases in reef-side human activ- 
ity are solely to blame. Guinea suggests seis- 
mic surveys in the area may have contributed 
to the decline of the sea snakes—possibly 
through damaging sound waves because the 
snakes seem to be very sensitive to minor 
changes in the environment—but that idea 
has yet to be tested. 
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Astronomy in the cold. The Canadian High Arctic 
could make a good site for space viewing. 


Astronomy in the High Arctic 

Move over, Antarctica: A new study suggests 
that the Canadian High Arctic is also a good 
spot for ground-based optical astronomy. 
Both locations offer frigid temperatures, dry 
air, and endless nights, but the Great White 
North has some practical advantages over 
the Antarctic, according to the study, in press 
at Publications of the Astronomical Society 
of the Pacific. 

The paper describes data collected by an 
all-sky wide-field camera mounted under a 
Plexiglas dome on the roof of Canada’s Polar 
Environment Atmospheric Research Labo- 
ratory at 80° north latitude. The Arctic site, 
the study found, has very clear, dark skies, 
making it good for high-quality photometry. 
It also appears not to suffer from strong low- 
level atmospheric turbulence found on the 
Antarctic plateau, which can distort images. 
And unlike Antarctica, the Canadian site is 
accessible via road and has an all-weather 
airstrip large enough for jet aircraft. Overall, 
the study found that spectroscopy can be 
done at the Arctic site 68% of the time and 
high-precision photometry about half the 
time. http://scim.ag/HighArctic 


Report Challenges Ambitious 
U.S. Climate Research Plan 


A National Research Council (NRC) com- 
mittee has chided a federal climate change 
research program. The panel, which advises 
the 21-year-old U.S. Global Change 
Research Program (USGCRP), criticized the 
program for planning to broaden its climate 
activities without the expertise, governance 
structure, or prospect of sufficient funding to 
make it work. 

In its report, the NRC committee com- 
mended the USGCRP, an interagency 
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coordinating group, for the general idea of 
broadening its program beyond basic climate 
change science. In its recent draft 10-year 
strategic plan, program officials write that 
they intend to coordinate research that would 
support society’s efforts to reduce green- 
house warming and to adapt to any unavoid- 
able global change. 

But, according to the report, “the 
USGCRP and its member agencies and 
programs are lacking in capacity to achieve 
the proposed broadening of the Program.” 
They’re missing in-house expertise to inte- 
grate the needed social and ecological sci- 
ences or to develop the capacity to support 
decision makers. USGCRP officials counter 
that they are already working on involving 
social scientists and similar experts in their 
work and reworking the governance structure. 
http://scim.ag/USGCRP 


Rhesus Pieces 


That's ‘Professor Sir’ to You 


In a New Year’s tradition 
dating back to the days of 
Queen Victoria, the Brit- 
ish monarch handed out 27 
knighthoods on 31 Decem- 
ber. This year, a number of 
scientists can now address 
themselves as “Sir” or 
“Dame.” The new knights 
include three Nobel laure- 
ates: University of Man- 
chester physicists Andre 
Geim and Konstantin 
Novoselov, who received 
the 2010 physics Nobel 
Prize for their work on gra- 
phene, and struc- 


Rhesus monkeys Roku and Hex are two of the world’s first lab-generated chimeric 
primates—each is composed of cells representing as many as six distinct genomes. Irresist- 
ible cuteness aside, the experiments that produced these monkeys are helping researchers 
better understand primate embryonic stem (ES) cells. For decades, scientists have used 
mouse ES cells to make chimeras. They add a few of these nondifferentiated cells into an 
early mouse embryo. The animal develops normally, incorporating the new cells into its 
tissues. When Shoukhrat Mitalipov and his colleagues at the Oregon National Primate 
Research Center in Beaverton tried the same test with rhesus ES cells, they found that the 
ES cells were unable to incorporate into the host embryo; the developing fetuses contained 
no trace of the added cells. The only way the researchers were able to make chimeric mon- 
keys was to fuse several very early stage embryos into one. That is consistent with a grow- 
ing body of evidence that primate ES cells—including human ES cells—may represent a 
slightly later stage of development than mouse ES cells. That may help explain why recipes 
that turn mouse ES cells into specific tissues don’t work as well with human cells. 
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fakebook 


Random Sample 


Better Networking Through 
Chemistry on Fakebook 


If you asked hydrogen what its job is, what would it 
say? According to hydrogen’s “Fakebook” profile, its 
job is to be “rocket-ship fuel.” Furthermore, its rela- 
tionship status is “bonded.” And carbon, nitrogen, 
and oxygen are its friends. 

Fakebook (http://classtools.net/fb/home/page) is a 
Facebook-look-alike Web site created in January 2011 
by Russel Tarr, a teacher at the International School of 
Toulouse, France. The Web site is rapidly becoming a 8 
popular teaching tool for science, history, and other os 
school subjects, with a quarter of a million hits per 3 
week, Tarr says. In December alone, 14 Hydrogen pro- vt 
files appeared on the site. “Kids love Facebook, and sun 
you always have to latch on to what they're enthused 
about and channel it into the classroom,” he says. 6 7 oe 

Each of the students in Forest Grove, Oregon, 
teacher Tammy Johnson’s biology class wrote a profile 
for a different cell organelle—and then Johnson had them post on one 
another's walls as a way to think about how the cell parts interact. “It 
puts it into a context that they're more familiar with,” Johnson says. 

Students in Lee Ferguson's Advanced Placement (AP) biology class in 
Allen, Texas, meanwhile, made profiles for animals. Gerald the giraffe, 
for example, notes that he sleeps only 20 minutes a night—“sort of like 
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an AP student.” Writing on Gerald's wall, an acacia tree complains about 
being eaten. “I’m really stressed,” the tree writes. “I've just got a lot of 
things eating at me right now.” 

Other Fakebook friends run to the geometric. The rectangle laments 
that its birthday is “disputed” because it doesn’t know if it was invented or 
discovered. It also notes, ruefully, that it “can be a bit square sometimes.” 


>>NEWSMAKERS 


tural biologist Venki Ramakrishnan of the 
MRC Laboratory of Molecular Biology in 
Cambridge, who shared the 2009 Nobel Prize 
in physiology or medicine for discovering 

the structure of the ribosome. Queen Eliza- 
beth II will also be knighting American-born 
climate researcher Robert Watson, who for- 
merly headed the Intergovernmental Panel on 
Climate Change and now serves 
as scientific advisor for the U.K. 
Department for Environment, 
Food and Rural Affairs, as well as 
several clinical researchers and a 
mathematician. Royal Society of 


come in all shapes and colors. Some differ- 
ences give the animals an edge in their envi- 
ronment: Brown fur is better than white for 
camouflage, for instance. But many mon- 
keys sport complicated, multicolored pat- 
terns that might not suit those sneaky needs. 
To get to the bottom of these appearances, 
researchers created facial recognition soft- 
ware to map out the faces of 129 species of 


r t fs 
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BY THE NUMBERS 


15% Improvement in cars’ 
average gas mileage from 1980 
to 2006. Although average fuel 
efficiency increased by 60% in 
that time, bigger and more power- 
ful cars account for the disparity, 
according to a report in American 
Economic Review. 


54% Percentage of clinical trials 
that were still unpublished 30 months 


Chemistry President David Phillips and two 
other scientific researchers are receiving a 
different honor, Commander of the Order of 
the British Empire. The knighting ceremo- 
nies will take place later this year. 


FINDINGS 
More Than Just a Pretty Face 


Monkeys can tell a lot about their neighbors 
from their colorful facial patterns. In South 
America, the faces of these tree-swingers 


New World monkeys (above) and rated them 
by the complexity of their color patterns. 
Monkeys who live in smaller groups or alone 
tended to have more complex color patterns 
than those who live in larger groups. Mon- 
keys with many colors, such as the spider 
monkey, may need to be more conspicuous 
to quickly recognize others from the same 
species, the researchers hypothesize this 
week in the Proceedings of the Royal Soci- 
ety B, as such encounters may be few and far 
between. http://scim.ag/MonkeyFace 


after they ended, according to a 
survey of 635 trials described last 
week in the British Medical Journal. 


16% Increase in toxic chemicals 
released into the environment from 

2009 to 2010, reversing a previous 

downward trend since 2006, accord- 
ing to a 5 January report by the U.S. 
Environmental Protection Agency. 


13 JANUARY 2012. VOL335 SCIENCE www.sciencemag.org 


Published by AAAS 


CREDITS (TOP TO BOTTOM): COURTESY OF RUSSEL TARR; S. E. SANTANA ET AL., PROCEEDINGS OF THE ROYAL SOCIETY B (ADVANCED EDITION, 2012) 


Downloaded from www.sciencemag.org on January 12, 2012 


CREDITS (TOP TO BOTTOM): STEPHEN SHAVER/AFP/NEWSCOM; ADAPTED FROM GLOBAL ADULT TOBACCO SURVEY, CHINA 2010 COUNTRY REPORT, CHINESE CENTER FOR DISEASE CONTROL AND PREVENTION 


CHINA 


Tobacco Scientist's Election 
Tars Academy's Image 


BEIJING—Within hours of the election of Xie 
Jianping to the prestigious Chinese Academy 
of Engineering (CAE) on 8 December, the 
Internet here was buzzing with wild accu- 
sations. On the popular microblog Tencent 
Weibo, Liu Zhifeng got an early jump, ques- 
tioning the anointment of a scientist whose 
research, he charged, is used “to more effec- 
tively kill people.” 

Prominent researchers weighed in, too. “I 
feel ashamed,” CAE academician and food- 
safety expert Chen Junshi declared on his 
blog. Former health vice min- 
ister Wang Longde hinted to 
the Beijing Times that Xie, a 
deputy director of the Zheng- 
zhou Tobacco Research Insti- 
tute (ZTRI) who studies 
“low-tar” cigarettes, was com- 
plicit in deceptive tobacco 
marketing—in clear violation 
of the Framework Convention 
on Tobacco Control (FCTC), 
an international treaty that 


and former president of the Chinese Acad- 
emy of Preventive Medicine, penned an 
angry letter to CAE. Xie’s research, Wang 
told Science, “lacks a scientific foundation 
and misleads the public.” Xie did not respond 
to phone or e-mail requests for comment. 
Xie’s election has become a touchstone for 
broad unease over the Chinese tobacco indus- 
try’s encroachment in science. Tensions are 
running high over the government’s support 
for tobacco research centers—ZTRI is owned 
by China National Tobacco Corp. (CNTC)— 


AWARENESS OF HARM FROM LOW-TAR CIGARETTES 


China ratified in 2005. And 
Wang Ke’an, director of the 
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Think Tank Research Center 
for Health Development here 


Knowing the risks? Critics allege that industry research has especially 
misled educated Chinese about the health effects of “low-tar” cigarettes. 
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What a drag. China is home to 300 million 
smokers—the world’s largest total—and a newly 
minted academician who studies “low-tar” cigarettes. 


and for its backing of research papers on low- 
tar and “reduced-harm” products. 

In some ways, China is restaging a battle 
that has already played out in the West. “This 
is not new,” says epidemiologist Armando 
Peruga of the World Health Organiza- 
tion’s (WHO’s) Tobacco Free Initiative. For 
decades, he says, “the tobacco industry has 
been researching ways to make their prod- 
ucts appear less harmful than they are.” In 
the United States, leaked documents and a 
Justice Department lawsuit against the major 
tobacco companies in the 1990s put research- 
ers and universities accepting tobacco money 
in the hot seat (Science, 26 April 1996, 
p. 488). A decade later, controversy flared 
over research into “reduced-harm” prod- 
ucts, again because of industry involvement 
(Science, 7 January 2005, p. 36). “That’s 
exactly what’s happening in China now,” says 
cardiologist Stanton Glantz of the University 
of California, San Francisco. 

This time the stakes are higher. China is 
home to 300 million smokers—more than 
any other country in the world. In 2010, fully 
53% of men aged 15 to 69 smoked. Here, 
the same entity responsible for tobacco con- 
trol—the government—is also the coun- 
try’s largest cigarette manufacturer. CNTC 
is operated by the State Tobacco Monopoly 
Administration, and together the two bodies 
produce hundreds of cigarette brands, from 
the ubiquitous Double Happiness to the 
upmarket Chunghwa. They have also jointly 
spearheaded industry investment in science. 
“In other countries,” Wang says, govern- 
ments “do not set aside money for this sort 
of research.” 

While China’s ratification of the FCTC 
was a milestone, sources say the govern- 
ment is increasingly torn between concern 
over the health and economic costs of smok- 
ing and allegiance to the tobacco indus- 
try, which pulled in $79 billion in revenue 
in 2010. “The industry holds tremendous 
clout because of the economics of tobacco 
in China,” says Jonathan Samet, director of 
the Institute for Global Health at the Uni- 
versity of Southern California in Los Ange- 
les. And CNTC’s influence has allowed it to 
outdo even the powerful multinationals in 
some aspects of its campaign. Says Glantz: 
“The claims that are being made [in China] 
are way, way, way more aggressive than any- 
thing that have been made in the U.S.” 
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Assault on science 
In a cramped second-floor office tucked in 
an alley here, Yang Gonghuan glares at pho- 
tos of scientists on her computer screen— 
scientists she believes have all accepted 
funding or favors from the tobacco indus- 
try. The tireless former deputy director of 
the Chinese Center for Disease Control 
and Prevention, now a professor at Peking 
Union Medical College’s School of Basic 
Medicine, has become a critical figure in the 
controversy over Xie’s election. Last month, 
she published two lengthy blog posts retrac- 
ing the history of tobacco-industry funding 
of science in China. CNTC and the tobacco 
administration, she says, “have spent a lot of 
effort doing this sort of public relations.” 

Now Yang’s trying to counteract what 
she sees as an assault on science. 
Yang is no stranger to the Chinese 
tobacco industry. She had spent 
years looking at secondhand 
smoke and other issues before 
setting out to probe its research 
investments. Still, she was sur- 
prised at the brazenness of what 
she dredged up. “Abroad, compa- 
nies know these activities are ille- 
gal, so they do it in secret,” Yang 
says. “Here, all of the materials 
are made public.” 

She knew that CNTC and 
its provincial affiliates had long 
used questionable marketing 
tactics, such as sponsoring ele- 


scholarships. (A 2010 Chinese 
CDC report found that more than 
100 elementary schools bore 
the names of tobacco compa- 
nies.) But until recently, such tactics didn’t 
extend to research. Then in 1996, in antici- 
pation of the release of a WHO study on the 
health effects of secondhand smoke, Philip 
Morris organized representatives of the 
major Asian tobacco companies into the 
Asian Regional Tobacco Industry Scientists 
Team. The Asian companies “were mostly 
state monopolies and had a different attitude 
than the Western multinationals had about 
what they could and couldn’t say in terms of 
science,” Glantz says. “While they generally 
didn’t go around saying smoking was killing 
people, the multinationals were afraid that 
they might admit that smoking was bad.” 
But the real impetus for industry fund- 
ing of research, Yang discovered, came 
in 2001, as China considered signing the 
FCTC. Much as the publication of a paper 
linking smoking to cancer prompted the 
U.S. tobacco industry to set up the Council 
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deputy director Yang Gonghuan has spe 
industry's investments in science. 


for Tobacco Research in 1954, the conven- 
tion prodded China’s tobacco industry to 
mobilize. Over the next 5 years, a working 
group centered at Yunnan Tobacco Science 
Research Institute in Kunming held regu- 
lar conferences to develop a counterattack. 
In 2003, the tobacco administration adopted 
the China Cigarette Science and Technology 
Outline, which recommends supplement- 
ing the funding of institutes like ZTRI. The 
following year, the administration hosted a 
forum on low-tar and “low-hazard” ciga- 
rettes that drew attendees from the Chinese 
Academy of Sciences (CAS). 

By then, the industry had formulated 
research goals. Yang brandishes a copy of a 
442-page report published by the Kunming 
institute soon after the FCTC took effect 


Crusader. Former Chinese Center for Disease Control and Prevention 
x probing the tobacco 


in January 2006, which details “counter- 
measures” to the convention. In reaction 
to Article 11, which bans labeling such as 
“low-tar” and “light,” the group recom- 
mended that industry-funded research 
develop separate standards. 

Such prescriptions have come with hefty 
increases in funding and research output. In 
2009, the state-owned industry spent over 
$48 million on research. In the meantime, 
Glantz and Gan Quan, then a postdoc at 
the University of California, Santa Cruz, 
searched PubMed, Web of Science, and China 
National Knowledge Infrastructure for papers 
on tobacco and smoking by authors in main- 
land China. Papers published or sponsored by 
tobacco companies, they found, more than 
quadrupled from 576 between 1982 and 1987 
to 4810 between 2002 and 2007. More tell- 
ingly, over the same period the proportion of 
those papers involving academic researchers 


leapt from 6% to 48%. And because many 
Chinese journals don’t require conflict-of- 
interest disclosures, says Gan, now an adviser 
to the International Union Against Tuber- 
culosis and Lung Disease here, “this could be 
a serious underestimate.” 

Among those engaging with the indus- 
try are some of China’s leading science 
institutes. CAS, for example, operates a 
joint Ph.D. program with ZTRI on tobacco 
chemistry. Also on the list is the Univer- 
sity of Science and Technology in Hefei; its 
Tobacco and Health Research Center has 
close ties to CNTC. The Chinese Academy 
of Agricultural Sciences, meanwhile, jointly 
administers the Qingzhou Tobacco Research 
Institute with CNTC. 

Yang believes the proliferation of industry- 
backed research has influenced 
public perceptions. In China’s 
2010 Global Adult Tobacco Sur- 
vey, which was conducted by the 
Chinese CDC for WHO, 86% of 
adults interviewed either did not 
know or did not properly under- 
stand that low-tar cigarettes are 
just as harmful as regular ciga- 
rettes. For Yang, who was the sur- 
vey’s principal investigator, the 
breakdown of that data is even 
more revealing: Adults with a 
college education or higher were 
more than twice as likely to have 
an incorrect understanding of the 


BI j health effects of low-tar ciga- 


rettes as those who had attended 
primary school or less. “They’ve 
been exposed to misleading pro- 
paganda,” Yang explains. 

Such ideas resurfaced in the 
debate over Xie’s election. “Low-tar and 
harm reduction [research] is a necessary 
step in resolving our smoking problem,” 
CAE member Wei Fusheng told Nanjing 
Daily in explaining why he voted for Xie. 
And yet, Yang says, the uproar gives cause 
for hope. In 1997, when CAE elected Xie’s 
mentor—ZTRI scientist Zhu Zunquan—no 
one publicly objected, she points out. Now, 
she says, awareness is growing. She opens 
an e-mail from Liu, the blogger who kicked 
off the election debate. “He’s just an average 
Netizen,” she says with approval. 

Yang and others are prodding CAE to 
strip Xie of his academician title. Although 
CAE has never taken that step, CAS has twice 
struck academicians from its rolls. Regard- 
less of how Xie’s drama plays out, Yang hopes 
that the outcry will spur the Chinese govern- 
ment to honor its FCTC commitment. 
—-MARA HVISTENDAHL 
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Pleading Poverty, NSF Delays Plans for Giant Telescope 


An aerial view of the Carnegie Observatories 
in Pasadena, California, shows a flowerlike 
pattern of seven large circles painted next to 
the parking lot. The picture represents the 
mirror design for the Giant Magellan Tele- 
scope (GMT), a 24.4-meter instrument that 
a consortium led by Carnegie wants to build 
in Las Campanas, Chile. If only making the 
real thing were as simple as drawing lines 
on asphalt. 

The architects of GMT and the Thirty Meter 
Telescope (TMT), a rival project planned for 
a Hawaiian mountaintop, have long expected 
the U.S. National Science Foundation (NSF) 
to bear a significant 
part of the sizable cost 
of the two instruments: 
GMT’s price tag stands at 
$700 million and TMT’s 
at $1.1 billion. But last 
month, NSF announced 
that it would not be able 
to support construc- 
tion of either project in 
this decade. The best the 
agency can offer right 
now, according to a fund- 
ing solicitation posted 
on 30 December, is a 
chance at $1.25 million 
over 5 years to continue 
their planning. 

“We are not committing to construct- 
ing anything,” says James Ulvestad, head of 
NSF's astronomy division. “It’s just a conse- 
quence of budget realities.” 

NSF’s decision means that the two proj- 
ects are on their own for the indefinite future, 
even as overseas rivals are moving forward 
quickly with an even bigger instrument. The 
European Space Observatory has begun 
the formal approval process for funding the 
39.2-meter European Extremely Large Tele- 
scope, which ESO expects to build at a cost 
of €1.1 billion over the next decade. 

Although the lack of support from NSF 
is an obvious setback for both projects, 
GMT officials say it won’t alter their plans. 
Astrophysicist Wendy Freedman, director 
of the GMT board, says that the consortium 
still intends to start construction in 2013. 
“NSF cannot provide construction funding 
until 2020 at earliest; therefore, we must 
begin construction without their funding,” 
Freedman says. 

TMT officials also see reason for opti- 
mism. “It’s a great pity that NSF does not 
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have enough money to contribute right now,” 
says Richard Ellis, an astronomer at the Cali- 
fornia Institute of Technology (Caltech) in 
Pasadena and a member of the TMT board. 
“But it is good news that NSF has realized 
that it must begin discussions to see how it 
can contribute later. It does provide a first 
step in ensuring that U.S. astronomers will 
one day have access to this telescope.” 

Both teams hatched their plans after the 
2000 decadal survey by the U.S. National 
Academies recommended the construction of 
a giant segmented mirror telescope (GSMT) 
as a top priority for U.S. astronomy. TMT’s 


30-meter-wide primary mirror is made up 
of 492 pieces, whereas GMT features seven 
8.4-meter-wide mirrors. Initial attempts 
to merge the two projects were unsuccess- 
ful because of differences in technological 
approach and personality clashes (Science, 
23 October 2009, p. 512). 

Each team has invested millions of dol- 
lars in developing the necessary technolo- 
gies, from the actuators that will control the 
positions of the mirrors to the processes by 
which light collected by the mirrors will be 
converted into images. Funding from private 
donors and foreign partners was expected to 
supplement NSF’s contribution. 

The TMT collaboration has received com- 
mitments of $350 million, which includes a 
$250 million pledge from the Gordon and 
Betty Moore Foundation and a $100 mil- 
lion pledge from Caltech and the University 
of California. Japan and Canada are each 
expected to chip in 20% of the overall cost, 
and China and India are both considering a 
10% share, Ellis says. GMT has so far gar- 
nered $250 million in gifts and commitments, 
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including 10% commitments from Australia, 
South Korea, and the Carnegie Institution. 
Both teams have already fabricated some 
components of their proposed instruments, 
and this month GMT plans to begin casting 
the second of its seven primary mirrors. 
Both teams have lobbied for federal sup- 
port. Six weeks ago, an impatient Congress 
directed NSF to avoid any further delay in 
picking “a viable GSMT project.” The lan- 
guage, tucked into the 2012 appropriations 
bill for NSF and several other agencies, urged 
that the selection be made “expeditiously 
and utilize a fully competitive process, with 


No money in sight. Both TMT (/eft) and GMT are counting on significant federal funding. 


a solicitation issued no later than the end of 
calendar year 2011 and a result announced no 
later than July 31, 2012.” 

That kick in the pants forced NSF to put 
out last month’s solicitation. “The intent is to 
find the best option for a project that would 
have community participation in the future,” 
Ulvestad says. The federal agency is asking 
for proposals for combining private and pub- 
lic funds to build a large segmented mirror 
telescope, including details about how U.S. 
astronomers will be able to share the facil- 
ity. Ulvestad adds that NSF expects to make 
one award, not two, in effect picking a winner 
between GMT and TMT. 

GMT officials declined to say whether 
they intend to submit a proposal by the 
12 April deadline. But TMT appears ready to 
go after the award. “Some of my colleagues 
have said it is a lot of work to write a 250- 
page proposal for just $250,000 a year, but 
that’s not the point,” Ellis says. “The point 
is that this is a beginning of an engagement 
with the federal government.” 

-YUDHIJIT BHATTACHARJEE 
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GLOBAL CHANGE 


A Quick (Partial) Fix for an Ailing Atmosphere 


The world’s air could use a quick scrub- 
bing. So a group of scientists has come up 
with 14 practicable approaches to doing 
just that. The researchers say the selected 
cleaning methods, described on page 183, 
would more than pay for themselves in lives 
saved and crop yields increased while cut- 
ting global warming to boot. “Technically, 
it can be done,” says atmospheric scientist 
Mark Jacobson of Stanford University in 
Palo Alto, California, who was not involved 
in the work. “It’s a question of will power.” 
Scientists and policymakers alike have 
long known how, in principle, to get a quick 
start on cleaning up the atmosphere: Stop the 
gush of short-lived pollutants. Carbon dioxide 
will remain in the atmosphere for centuries, 


warming the world all the while, but pollutants 
like soot and methane remain airborne just a 
few weeks and a decade or so, respectively. 
Stop their emissions and their concentrations 
would promptly start dropping, sharply. 

And that would be a good thing. Inhaled 
soot, also called black carbon, kills or debili- 
tates millions of people each year, while soot 
in the atmosphere tends to warm climate, 
mainly by absorbing more sunlight. Meth- 
ane is a powerful greenhouse gas that also 
acts like a catalyst to produce ozone in the 
lower atmosphere, where it damages crops 
and people’s lungs. 

But how exactly should methane and soot 
pollution be controlled to do the most good at 
the least cost? Twenty-four researchers came 
together to get the best answer possible with 
today’s science and existing technology. Led 
by climate modeler Drew Shindell of NASA 


Goddard Institute for Space Studies in New 
York City, the group included scientists from 
five different specialties located in 13 organi- 
zations in a half-dozen countries. 

Using a relatively simple model, the 
group of 24 screened about 400 tried-and- 
true pollution control methods for methane 
and soot that would both reduce warming and 
improve air quality. Ranked by how much 
they reduced warming, the top 14 included 
seven methane reduction methods targeting 
sources ranging from coal mining and land- 
fills to livestock manure and rice paddies. The 
soot-controlling methods target processes in 
which fuel is not completely burned. They 
would improve diesel engines, increase the 
efficiency of wood- or dung-burning cook- 


Cooking up solutions. Cleaner-burning 
cookstoves would reduce deadly indoor air 
pollution, avoiding at least a third of a 
million premature deaths a year. 


stoves, and ban the burning of agricultural 
wastes, among other methods. 

Next, the researchers looked at how much 
good their top-performing pollution con- 
trol methods would do if phased in around 
the world from 2010 to 2030. They selected 
two scenarios describing how much green- 
house-stoking carbon would be emitted over 
coming decades: a business-as-usual case 
assuming no new carbon controls and a low- 
carbon future featuring stringent new con- 
trols. Various combinations of the methane 
and soot controls were also combined with the 
business-as-usual and low-carbon scenarios. 
Each resulting scenario then served as input 
to two different complex computer models. 
They calculated what chemical composi- 
tion of the atmosphere—including soot and 
ozone—would result and what the climate 
effects would be. These results were then used 


to estimate health and agricultural impacts. 

The benefits of controlling methane and 
soot emissions turned out to be considerable. 
Largely thanks to reduced methane emissions, 
global warming by 2050 would be reduced by 
about half a degree; global warming so far 
has amounted to about 0.8°C. The additional 
controls also ensure that the low-carbon sce- 
nario holds warming below the danger level of 
2°C of warming, at least for the next 60 years. 
Methane controls would also keep ozone low 
enough to avoid annual crop losses of 30 mil- 
lion to 135 million metric tons in 2030. 

The drop in outdoor air pollution, due 
largely to soot emission reductions, would 
avoid 700,000 to 4.7 million premature deaths 
each year. Indoors, more than one-third of a 
million lives would be saved annually in India 
and China alone. A total of at least a million 
lives saved a year compares with the 600,000 
premature deaths from tuberculosis expected 
in 2030 or the 2.1 million deaths due to traf- 
fic accidents. 

And the costs of all these benefits would be 
more than reasonable, the study finds. While 
on average it would cost less than $250 to pre- 
vent the emission of a metric ton of methane, 
the benefits for not emitting that ton of meth- 
ane would run from $700 to $5000. The ben- 
efits of soot reduction are more uncertain, but 
“the bulk of the [soot] measures could prob- 
ably be implemented with costs substantially 
less than the benefits given the large valuation 
of the health impacts,” the authors write. And 
the health benefits of soot reduction would 
largely fall to the countries that spent to con- 
trol their emissions. All in all, fully imple- 
menting these controls in the next 20 years 
may be ambitious, says lead author Shindell, 
and there are uncertainties. But “by show- 
ing the potential, [the study] highlights what 
could be done if society puts its mind to it.” 

Outside experts agree. Professor of envi- 
ronmental engineering and international 
affairs Denise Mauzerall of Princeton Uni- 
versity finds that the study “makes a compel- 
ling case for higher controls. It’s much more 
comprehensive than what has been done 
before. Giving specific recommendations on 
cost-effective controls is very instructive for 
policymakers.” And “they’re doing as good a 
job as you can do,” says atmospheric scientist 
Joyce Penner of the University of Michigan, 
Ann Arbor. “The whole approach is exactly 
what we need.” The trick, of course, will be 
convincing governments of that. 

—-RICHARD A. KERR 
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NEWSMAKER INTERVIEW: C. N. R. RAO 


Top Indian Chemist Helps Make the 
Case for Science Windfall 


BANGALORE, INDIA—At the Indian Sci- 
ence Congress last week, Prime Minister 
Manmohan Singh surprised his audience 
with a promise to more than double central 
government R&D spending from $3 bil- 
lion in 2011 to $8 billion by 2017. If the 
windfall appears in India’s next 5-year plan, 
expected to be released in March or April, 
credit Singh’s science advisory council. 
In a report to Singh last month, the panel, 
chaired by eminent chemist C. N. R. Rao, 
warned that Indian laboratories are rife with 
mediocrity and its universities are in decay. 
Worried that India’s scientific community is 
losing ground to China and other nations, 
the council urged Singh to take “steps in 
a warlike fashion,” including dispatching 
hundreds of students abroad for training 
and creating centers of excellence around 
top-shelf investigators. 

Singh’s embrace of science comes at a 
critical juncture for India, says Rao, Singh’s 
science adviser. With 45 books and more 
than 1500 research papers to his name, 
India’s most-cited scientist’s latest fascina- 
tion here at the Jawaharlal Nehru Centre for 
Advanced Scientific Research is the won- 
der-material graphene. In an interview with 
Science, Rao, 77, bemoaned the deteriora- 
tion of India’s academic institutions and its 
tendency to steer talented individuals into 
information technology. He also worried that 
scientists are losing ground to activists. For 
instance, Rao pointed to a decision in 2010 
by India’s environment minister to reject a 
scientific panel’s advice and ban commercial- 
ization of what would have been the country’s 
first genetically modified food crop: varieties 
of eggplant, called brinjal in India, equipped 
with a protein from the bacterium Bacillus 
thuringiensis (Bt) that’s toxic to insect pests. 
The following comments have been edited 
for clarity and brevity. -PALLAVA BAGLA 


Q: Is there a crisis in Indian science? 
C.N.R.R.: There are serious concerns. In any 
given area of science or engineering, the num- 
ber of experts is rather small in India. The 
other day somebody asked, “How many peo- 
ple work in graphene?” I thought, “We have 
enough people.” We found only five or six. 
We have been short of high-level talent 
for some time, and we are also short of lead- 
ers. The crisis we are facing is how to cre- 
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“The crisis we are facing is how to 
create a large, measurable, sizable, 
or critical mass of very capable 


scientists in different areas.” 
—C. N. R. RAO 


ate a large, measurable, sizable, or critical 
mass of very capable scientists in different 
areas. India is the biggest supplier of techno- 
coolies for the information technology 
industry but produces only 25 Ph.D.s in 
computer science. What an irony! 


Q: Is India’s bureaucracy killing science? 
C.N.R.R.: Oh yeah, partly. Suppose you are 
the head of an institution and we want to give 
you another 3-year term. The procedure is so 
terrible. It will take 1 year! That is not how 
science is done. People should be treated 
better as individuals, and you can demand 
results if you have treated them well. 

I don’t think a professor in a university 
in any state in India has the freedom even 
to think properly because he is completely 
cowed by the atmosphere. 


Q: Is India obsessed with big science and 
funding space and nuclear research? 
C.N.R.R.: This obsession we have with big 
science, I am a bit unhappy about that. 
Science is not just atomic energy, science 
is not just space. Real science is done in 
small laboratories. 
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Q: India is looking at a mission to Mars and 
sending humans to the moon. Is this the 
thrust India should have? 

C.N.R.R.: I am more worried about people 
on Earth. Iam a very simple-minded person. 
There is so much to be done for this coun- 
try in terms of infectious diseases and other 
social and living conditions. 


Q: Why hasn’t an Indian won a science 
Nobel since C. V. Raman’s physics prize in 
1930? 

C.N.R.R.: I don’t see any potential Nobel lau- 
reates in most subjects in India. Maybe we 
should create new opportunities for young 
people to perform in such a way that they 
become potential Nobel laureates. 


Q: What does one need to succeed as a 
scientist in India? 

C.N.R.R.: Stamina, tenacity, doggedness, 
and perseverance. Also a little intelligence 
is useful. 


Q: In the past 1 or 2 years, the general feel- 
ing | am getting is that respect for science 
in India has gone down. 

C.N.R.R.: Yes. We have to be very sure to edu- 
cate our young people much better. Other- 
wise, the rabble-rousers and social activists 
will mislead the country. This is where the 
government has to also show maturity by 
taking proper scientific advice. 


Q: You are talking about Bt brinjal [a 
genetically modified eggplant]? 

C.N.R.R.: Bt brinjal was only the starting 
point; they will eventually take a decision 
which is based on either so-called popular 
opinion or opinion that goes along with the 
feelings of certain groups of people. Poli- 
tics should never enter this kind of decision- 
making; unfortunately, it does. All over the 
world it does, but in India it is much more 
so. Being a democracy, there will be several 
views. That may be a problem. 


Q: Colleagues say you still have a childlike 
excitement about science. 

C.N.R.R.: I love it. Science is like that. If you 
are not childlike, you cannot be a scientist. 


Q: Do you have any regrets over having 
never left India for a position abroad? 
C.N.R.R.: | have suffered, | have agonized, but 
have no regrets. 


Q: Any big message for India? 

C.N.R.R.: I wish in 20 years India will be in 
the top three or four countries in the world 
in science. I really want to see India shine. 
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The Pea plit g 
Ofthe A eutians 


Few Aleuts still live in their ancestral homeland, but their genetics 
and archaeology offer a rare glimpse into one of humanity's last great 
migrations—and into the mysterious peopling of the Americas 


ADAK ISLAND, ALASKA—Clam Lagoon, at 
the northern edge of this volcanic island, is a 
peaceful refuge from the wind-ravaged tides 
of the Bering Sea. Sea otters do the back- 
stroke in its tranquil waters, and puffins 
and murrelets roost on the treeless shores. 
About 7000 years ago, kayak-paddling 
humans arrived here, setting up housekeep- 
ing on a bluff overlooking both the lagoon 
and the sea. Exceptionally well-adapted to 
maritime life, these first colonists 
promptly set about exploiting the 
local riches: They ate the otters 
and the birds, as well as seals and 
sea lions. They fished for cod and 
greenlings with hooks made from 
the birds’ wing bones, and they 
made tools using obsidian brought from 
another island hundreds of kilometers away. 
Before long, a smaller group left Adak to 
colonize yet more islands to the west. 

These people, the ancient Aleuts, began 
exploring the 2000-kilometer Aleutian archi- 
pelago—the world’s longest—at least 9000 
years ago. Because they had the islands to 
themselves for thousands of years, research- 
ers say the archipelago is a living laboratory 
for studying human migratory behavior. “I 
don’t think there is a better model than the 
Aleutians,” says geneticist Michael Crawford 
of the University of Kansas, Lawrence. 


Online 


sciencemag.org 
Podcast interview 
® with author 
Michael Balter. 


Sadly, most of the Aleuts were evacu- 
ated from their ancestral islands during 
World War II, never to return. And yet Adak 
today has become the center of intense 
exploration into when, how, and why the 
Aleutians were peopled. Many of today’s 
Aleuts can trace their ancestry back to the 
islands’ first inhabitants, so “the Aleutians 
are a perfect storm of deep time depth,” says 
Anna Kerttula de Echave, director of the 
National Science Foundation’s 
(NSF’s) Arctic Social Sciences 
Program, which funds much of 
the work in the islands. “Only in 
a few places on the globe do you 
find such a continuous record of 
human occupation.” 

TheAleuts’ story also opens a window into 
the peopling of the Americas as a whole. The 
Aleuts descend from ancestors who lived in 
Asia at least 13,000 years ago, making them 
part of the great migrations across the now- 
submerged Bering Strait land bridge into 
North America. Their history is obviously 
distinct from that of the groups who contin- 
ued farther south into continental North and 
South America. But because the Aleuts have 
been relatively isolated for so long, research- 
ers can more clearly read their ancient pre- 
history from their genes and archaeology, 
a task more difficult farther south where 


internal migrations may have blurred the 
earliest records. 

To some, the Aleuts’ maritime adapta- 
tions strengthen the idea that the first Amer- 
icans were sea travelers (Science, 4 March 
2011, p. 1122). “The Aleutians show that 
a coastal route is entirely reasonable,” says 
archaeologist Lucy Johnson of Vassar Col- 
lege in Poughkeepsie, New York. Others 
counter that the Aleutians were settled too 
late to have a bearing on the land-versus- 
sea debate. “I have great difficulty with this 
notion,” says archaeologist Don Dumond of 
the University of Oregon, Eugene. 

Either way, the story of the Aleutians 
reveals how maritime migrations work. “We 
are coming to understand the dynamics of 
island colonization,” Crawford says. 


Two waves 

The written history of the Aleutians starts in 
1741, when Russian explorers led by Vitus 
Bering discovered the Aleuts and changed 
their lives forever. At the time, the Aleuts 
were hunting sea mammals and living in 
rectangular huts. The Russians turned the 
Aleutians into a fur factory, pressing the 
Aleuts into servitude and moving them from 
island to island. Historians estimate that they 
numbered up to 16,000 in 1740, but by 1900, & 
disease, starvation, and suicide had slashed 6 
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Refuge from the winds. A narrow isth- 
mus separates Adak’s Clam Lagoon (lejt) 
from the stormy Bering Sea. 


their population by up to 90%. 

The Americans who took 
over in 1867 were apparently 
more benign: By 1920, Aleut 
numbers began to bounce back, 
and they grew from about 3000 
to 8000 by 1980. 

Beginning in the late 1800s, 
scientists began to visit the Aleu- 
tians, and in the 1930s famed 
Smithsonian anthropologist Ales 
Hrdlicka gathered dozens of 
skeletons. Hrdlicka concluded 
that the Aleutians had been set- 
tled by two consecutive groups: the origi- 
nal settlers, the Paleo-Aleuts, who had high 
and narrow skulls (dolichocranic), and the 
Neo-Aleuts, who had wider, rounder skulls 
(brachycranic). 

That basic idea has been confirmed by 
more recent research. In new studies of 86 
of Hrdlicka’s skeletons, ranging from 3400 to 
380 years old, anthropologist Joan Brenner 
Coltrain of the University of Utah in Salt 
Lake City found that the skulls did indeed 
separate into these two groups, and that all 
skulls older than 1000 years were dolicho- 
cranic. The groups “appear genetically dis- 
tinct,’ Coltrain says. “Paleo-Aleut [skulls] 
are typical of the earliest people to occupy 
the New World, like the Kennewick Man and 
the Spirit Cave Woman. They all look more 
European than Asian, perhaps because they 
descend from European populations that 
occupied the Siberian region.” 

Recent genetic work confirms the distinc- 
tion: Mitochondrial DNA (mtDNA) from 
69 of Hrdlicka’s skeletons showed that Neo- 
Aleuts, like most modern Aleuts, descend 
from a common ancestor that carried genetic 
markers known as haplogroup 
D, according to recent work 
by University of Utah genet- 
icist Dennis O’Rourke. But 
most Paleo-Aleuts were mem- 
bers of haplogroup A, as are 
most groups now living in 
Arctic North America. 

Hrdlicka argued that the 
Neo-Aleut populations came 
from the Alaskan mainland 
and replaced the Paleo-Aleuts. 
But Coltrain and others have 
found that the newcomers in 
fact coexisted with the origi- 
nal settlers. “The long-headed 
Paleo-Aleuts were still very 
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5 Sefari-arc. The Aleutian 

archipelago, the world’s 

“longest, stretches for 
2000 kilometers. ~~ 
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much around” for several hundred more 
years, says anthropologist Richard Davis 
of Bryn Mawr College in Pennsylvania. 
About two-thirds of living Aleuts belong to 
haplogroup D and one-third to haplogroup 
A, according to work by Crawford and his 
co-workers, and they are presumed to be 
the result of admixture between Paleos and 
Neos. Crawford’s research with modern 
Aleuts also suggests that they carry some 
Paleo-Aleut DNA, because their ancestors 
branched off from other Arctic peoples about 
13,000 years ago—long before they colo- 
nized the islands, perhaps when they were 
still in Asia or Beringia. 

The Neo-Aleuts were not only physically 
butalso culturally distinct. For example, Davis 
says, after 1000 years ago, the archaeological 
record reflects a shift to more sophisticated 
stone tool types as well as changes in house 
styles from single to multiroomed structures. 
The Neo-Aleuts ate more big marine mam- 
mals such as sea lions and seals, while Paleo- 
Aleuts dined more on smaller animals such as 
birds and sea otters, according to an isotopic 
study of their bones that Coltrain published in 
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Digging deep. Archaeologists are finding clues across the Aleutians, including at Adak’s Clam Lagoon (left) and on Kiska, 
where Veronica Lech of the Memorial University of Newfoundland holds an ancient sea cow rib. 


the journal Arctic in 2010. “The Neo-Aleuts 
may have been more sophisticated technolog- 
ically or more hierarchical in social organi- 
zation,” Coltrain says, possibly because they 
came from a “more complex and populous 
Alaskan peninsula setting.” 

Archaeologists are working all across 
the islands, and additional burials that might 
yield more ancient DNA are turning up as cli- 
mate change accelerates coastal erosion, says 
archaeologist Debra Corbett of the U.S. Fish 
and Wildlife Service in Alaska. However, the 
Aleuts, like other Native American groups, 
are sometimes hesitant to allow research on 
skeletons (Science, 8 October 2010, p. 166). 
“Our policy is that if human remains are 
found, they must be immediately reburied,” 
says Melvin Smith, archaeology coordinator 
for the Anchorage-based Aleut Corp., which 
represents native interests. 

Nevertheless, Smith, who grew up on 
two of the islands, says archaeology helps 
native Aleuts to “better understand our own 
history and culture.” And sometimes the 
corporation makes exceptions. For exam- 
ple, in a new edited volume, Corbett and 
her colleagues report on the 
350-year-old remains of a 
child from one of the central 
islands, who was a member 
of haplogroup D like the Neo- 
Aleuts. Isotopic studies show 
that the child ate shellfish and 
sea birds and was infected 
with roundworms and tape- 
worms that often contaminate 
sea mammal meat. 


From east or west? 

Such recent burials offer clues 
to the lives of the Neo-Aleuts, 
but what of the ancient Paleo- 
Aleuts? Where did they come 
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Bounty from the sea. With kayaks, the Aleuts colonized islands and exploited maritime riches, as seen in this 


19th century painting by Henry Wood Elliott. 


from, and when did they get here? For much 
of the 20th century, such questions went 
unanswered, as few researchers reached the 
remote archipelago. Then in 1942, after the 
attack on Pearl Harbor, the Japanese invaded 
the western islands of Attu and Kiska and 
put the inhabitants in concentration camps in 
Japan. In response, the Americans built a mil- 
itary base on Adak and evacuated nearly all 
the Aleuts to abandoned canneries in south- 
east Alaska. Only a few dozen families sub- 
sequently made it back to their native islands. 
“The Aleuts suffered tremendously,” says 
archaeologist Dixie West of Kansas State 
University, Manhattan. 

Investigations into 
Aleut prehistory came 
to a standstill. Then after 
WWII, the islands were 
caught up in the Cold 
War. Adak housed up to 
6000 soldiers and sailors, 
and civilian access to the 
island was limited. 

Finally, in the late 
1990s, the base closed. 
Although no Aleuts had 
lived on Adak since the 
1800s, some now set- 
tled there. Beginning in 
1998, Corbett, West, and 
other archaeologists began to visit, eager to 
uncover the story of one of the last great peo- 
plings of the world. 

They began to tackle one of the most 
basic and yet controversial questions about 
the settling of the Aleutians: Were they col- 
onized from west to east, or the reverse? If 
they came westward from Alaska, then they 
must first have crossed the Beringian land 
bridge to the Americas, making them part of 
that great migration. But if they came from 


to leave their island 


Russia, then their southerly shortcut across 
the Bering Sea may have been independent 
of the larger Beringian migrations. 

Some Russian archaeologists had argued 
that the first Aleuts entered the archipelago 
from the west, via the Commander Islands 
near Russia’s Kamchatka Peninsula. (The 
far-western Commander Islands belong to 
Russia, while the rest of the Aleutians are 
US. territory.) But American archaeologists 
pointed out that the earliest known Aleutian 
archaeological site was radiocarbon-dated to 
9000 years ago—and it is located in the east, 
on Anangula Island. 


The old ways. Colonization disrupted Aleut culture (seen in painting, left), and W 


. But some traditions, such as dancing regalia (right), have been preserved. 


To resolve the issue, West, Corbett, and 
a handful of others began excavations and 
radiocarbon dating on the islands. They 
found that the western islands were first 
occupied about 3500 years ago, relatively 
late. Then in 2005, dates from radiocarbon 
and volcanic ash put fish bones on Adak, at 
site ADK-171 overlooking Clam Lagoon, at 
nearly 7000 years ago. This demonstrated 
a clear east-west pattern of migration. “It 
looks as though the Aleutians were occupied 
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from the east,” agrees paleoecologist Arkady 
Savinetsky of the A. N. Severtsov Institute of 
Ecology and Evolution in Moscow. 

Recent genetic studies bolster the archaeo- 
logical evidence. Despite the fact that few 
today live in the islands of their grand- 
parents, Aleuts remember where they came 
from, and their memories have helped create 
aremarkably sharp portrait of geography and 
genes. Each island community had distinc- 
tive dance regalia, and an Aleut’s origins can 
still be identified from the ceremonial cos- 
tumes he or she wears today, explains Mike 
Swetzof, who was born on St. George Island 
and is now mayor of Adak. 

Crawford’s team has now analyzed 
mtDNA from more than 250 Aleuts from 11 
islands as well as displaced Aleuts living in 
Anchorage and compared them with mtDNA 
from people elsewhere in the Arctic. The 
Aleuts bear little genetic resemblance to peo- 
ple of the Kamchatka Peninsula, as might have 
been expected had the islands been colonized 
from west to east. And the data show a strik- 
ing correlation between the island that fami- 
lies originally came from and their maternally 
inherited mtDNA. “The Aleut populations are 
distributed spatially like beads on a necklace,” 
Crawford and his co-workers wrote in 2010 
in Human Biology. Indeed, the mtDNA hap- 
logroups can be further subdivided into three 
groups, corresponding to the eastern, central, 
and western Aleutians, regions that also differ 


somewhat in cultural traditions, according to 
recent archaeological work. “This really blew 
my mind when you consider everything that 
has happened to the Aleuts,” Crawford said. 
“The correlation between genetics and geog- 
raphy was phenomenal.” 

Ripan Malhi of the University of Illinois, 
Urbana-Champaign, agrees that there is a 
“very clear pattern from east to west in the 
mtDNA haplogroup” profiles. But he ques- 
tions whether that is a relic of migrations that 
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took place as early as 9000 years ago or per- 
haps reflects more recent movements along 
the Aleutian chain. (The paternally inher- 
ited Y chromosomes don’t show such a clear 
geographic pattern, probably because Rus- 
sian men had children with Aleut women, 
researchers agree.) 

Who are the Aleuts’ closest relatives 
today? To date, no one has sequenced the 
whole genome of an Aleut, although research- 
ers are working on it. But the mtDNA data 
cluster them with Siberians and the people of 
Russia’s northern Chukchi Peninsula, which 
was once part of the Bering Strait land bridge. 
Aleuts show little mtDNA resemblance to 
Alaskan Eskimos, possibly refuting earlier 
assumptions that these groups separated rel- 
atively late, Crawford says. Comparisons of 
mtDNA from Aleuts, Eskimos, and Asian 
groups suggest that the Aleuts and Eskimos 
originally shared a common ancestor in Asia 
but went their separate genetic ways at least 
11,000 years ago, probably while still in Asia; 
they may even represent separate migra- 
tions. “This suggests that there have been a 
lot of population expansions out of Beringia” 
and into the Americas, Malhi says (Science, 
23 September 2011, p. 1692). “These popu- 
lations had a dynamic history of extinction, 
admixture, and expansion.” 


Colonizing by kayak 

One foggy Thursday last June, a team of 
archaeologists led by Diane Hanson of the 
University of Alaska, Anchorage, boarded 
the 3.5-hour flight to Adak, only to circle the 
island and turn back to Anchorage because 
of low visibility. They made it out the follow- 
ing Sunday, then hopped aboard the U.S. Fish 
and Wildlife Service ship the Tiglax—which 
provides a ferry service for researchers in the 
Aleutians—to a remote spot in western Adak, 
where they camped for 2 months, excavating 
prehistoric Aleut houses. This latest work, at 
an inland site, provides new evidence that the 
versatile ancient Aleuts exploited habitats all 
over the islands, not just on the coasts. 

But there’s no denying the power of the sea 
in Aleut life. And there’s no doubt that who- 
ever came to the Aleutians, and when, must 
have done it by boat. During glacial times, the 
easternmost islands were part of Beringia. But 
the rest of the Aleutians, including Adak, have 
been in open sea for more than 20,000 years. 

The Aleuts encountered by the Russians 
were traveling between islands in kayaks and 
umiaks (larger open boats) made from drift- 
wood or whalebone frames and covered with 
seal skins. Remains of such boats have been 
found at numerous Aleutian sites dating back 
about 2000 years; researchers assume that the 
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first Aleuts had similar boats, although the 
evidence does not preserve over time. “The 
fact that we find obsidian on Adak that comes 
from an island 1000 kilometers to the east 
indicates that these folks were moving around 
and they weren’t doing this by swimming 
or walking between the islands,” West says. 
“Those seas were treacherous.” 

It’s no surprise that the Aleutians were col- 
onized after the rest of the Americas: Massive 
ice sheets blocked the way from the Alaskan 
peninsula to the Aleutians until about 9000 
years ago, according to work in the 1970s. The 
Paleo-Aleuts “probably could have landed on 
glacial shores and spent the night,” Johnson 
says. “But it wasn’t a place they could live.” 
Once the sea route was clear, however, the 
ancient Aleuts moved swiftly. “The earliest 
inhabitants we know of, at Anangula, camped 
virtually right on top of glacial till,’ Davis 


Frigid waters. Cold-loving cod 
(inset) hint that the Aleutians were 
colonized during cold’spells. 


says. “This suggests that as soon as those 
small islets were clear of ice, hunters from the 
mainland came to exploit available resources 
right away.” Indeed, some researchers say, the 
islands’ abundant maritime resources might 
have provided sustenance as good as or bet- 
ter than that available on the mainland. “The 
Aleuts became adapted to a kind of life that 
was quite rich, richer than most of the terres- 
trial areas,’ Dumond says. “As the population 
grew, it dug itself in to that way of living.” 
New evidence suggests that the pulse of 
migrations from east to west may correlate 
with times when the sea was coldest and 
most productive. Three western Aleutian 
islands were apparently first occupied during 
a long cold spell that started 3350 years ago, 
according to a paper by Savinetsky in a 2010 
edited volume. In a second volume just pub- 
lished, Savinetsky, West, and others report 
that about 13% of the fish species at Adak’s 
7000-year-old ADK-171 site were cold- 
loving saffron cod. This suggests that Adak, 
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too, was first settled during a cold period. 

Cold periods might also have dampened 
the wicked winds of the Bering Sea, say 
Savinetsky and West, who point to earlier 
work suggesting that cooling in the north 
Pacific may have occurred during periods of 
weakened cyclonic activity. “Did cooler tem- 
peratures mean weakened cyclonic activity, 
thus less high waves, and greater marine pro- 
ductivity?” West asks. If so, she says, “then 
perhaps folks were more likely to explore and 
find new places.” 

When the ancient Aleuts did go explor- 
ing, Crawford says, they probably did so 
in family groups, splitting off from larger 
island populations and setting up residence 
on islands farther west. 

But why did they keep trekking westward, 
exploring new territory? No one knows for 
sure. Some researchers chalk it up to human 


nature—our “constant search for new lands 
and endless curiosity,” says archaeologist 
Christine Lefevre of the National Museum 
of Natural History in Paris. Corbett says 
she wonders about it all the time. “I was on 
Adak one cloudless, sunny day. I climbed a 
mountain where I could look out at the other 
islands. I imagined all those villages and the 
people living in them, boats on the water, 
smoke coming out of the houses. This was 
really a populated landscape. And yet there 
was lots of elbow room on the Alaskan pen- 
insula and in the eastern Aleutians. But peo- 
ple still kept aiming for the horizon. They 
kept moving forward.’ | -MICHAEL BALTER 


Additional Reading 


D. West et al., Eds. The People Before: The Geology, 
Paleoecology and Archaeology of Adak Island, Alaska. 
British Archaeological Reports, Oxford (2012). 


D. Corbett et al., Eds. The People at the End of the World: 
The Western Aleutians Project and the Archaeology of 
Shemya Island. Aurora, Anchorage (2010). 
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MATERIALS RESEARCH SOCIETY’S FALL MEETING AND EXHIBIT 


New Lease for Leftover Light 


Today’s thin TVs and computer monitors 
have the cool factor, but they’re energy 
hogs. The most common monitors, liquid 
crystal displays (LCDs), waste about 75% 
of the backlight they use to light the screen. 
Most of it is absorbed by polarizing filters 
that control how much light passes through 
each point on the screen in order to produce 
the desired image. Researchers in Califor- 
nia reported at the meeting, however, that 
they’ve devised polarizing filters made from 
organic solar cells that recycle some of this 
absorbed light. With further improvements, 
energy captured by the new solar cell filters 
could noticeably improve lifetimes of cell 
phones, laptops, and other battery-driven 
technologies that rely heavily on displays. 

LCDs take advantage of the fact that the 
electromagnetic waves that make up light 
oscillate in different directions. Unlike 
waves in the ocean that rise and fall verti- 
cally, light waves can oscillate side to side 
as well. To control what light comes through 
a screen, LCDs use two polarizing filters. 
The first blocks all the light waves except 
those that oscillate up and down, and the 
other blocks all the light waves except those 
that oscillate left and right. Virtually all light 
that encounters both filters is absorbed, and 
the spot remains black. 

In between these filters sits a layer of 


liquid crystals, rod-shaped molecules that 
stack like logs in a pile all oriented in the 
same direction. When given a jolt of elec- 
tricity, the rods in the pile twist like a spiral 
staircase so that the rods at the top of the 
pile are perpendicular to those at the bot- 
tom. This helical twist rotates the polariza- 
tion of photons of light passing through, 
allowing them to emerge from the display. 
This technology is more energy-efficient 
than many rival technologies, but it’s still 
wasteful: In many modern electronic 
devices, 80% of the total energy they use 
goes to lighting the display. But research- 
ers led by Yang Yang, a chemist at the Uni- 
versity of California, Los Angeles (UCLA), 
thought they might be able to recapture 
some of this lost energy, much as the regen- 
erative brakes in a hybrid car reclaim energy 
to recharge the car’s battery. They replaced 
the two conventional polarizing filters with 
organic solar cells. At the heart of these 
cells are rod-shaped polymers made from 
the most common organic light absorber, 
known as P3HT. Yang and his colleagues 
oriented these rods in the same direction in 
each solar cell by simply brushing them with 
a soft cloth. They added additional material 
films to help convert the captured light to 
electrical charge and shuttle the charges to 
wires that could be connected to a battery. 
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Solar harvest. Light shines through two 
polarizing filters oriented parallel to 
each other (above). But most is blocked 
when one is turned 90 degrees (left). 


They then oriented the two solar 
cells so that their light-absorbing 
polymers were perpendicular to one 
another. These polarizers absorbed 
90% of the light, converting about 3% of it 
to electricity, which in a real device would 
be used to recharge the battery. Even better, 
the new solar cell filters continue to harvest 
light even when the LCD screen is not in 
use. So such displays could serve not only 
as an energy saver but also as an energy sup- 
ply. The UCLA results were also reported in 
the 22 September 2011 issue of Advanced 
Materials. 

Marc Baldo, an organic solar cell expert 
at the Massachusetts Institute of Technology 
in Cambridge, calls the new work “a good 
thing.” But Baldo and Yang point out that 
to be useful commercially, organic polariz- 
ing filters would need to block more than 
99% of the light in order to create black on 
the screen. “That’s an all-around big issue 
for organics” because organic light absorb- 
ers typically don’t do a good job of blocking 
red light. But at the meeting, Yang reported 
that his group has developed a novel poly- 
mer that absorbs red and infrared light. The 
group is currently using it to make solar 
cells. Yang notes that if the new IR polymer 
pans out, it might improve not only future 
displays but also plastic solar cells in gen- 
eral. Because the polymers absorb IR light 
but let visible light pass through them, they 
could be layered atop conventional visible 
light—absorbing cells to boost the amount of 
light captured and converted to electricity. 
That could add an extra cool factor to solar 
cells as well. —-ROBERT F. SERVICE 
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Snapshots From the Meeting >> 


Organic PVs break the 10% barrier. Researchers from Mitsubishi 
Chemical Group Science and Technology Research Center in Yokohama, 
Japan, reported that they've created the first organic photovoltaic device 
that’s more than 10% efficient at converting sunlight to electricity, but 
they offered few details on the new device. 


Stretchable electronics beat the heat. Researchers would love to use 
flexible organic-based integrated circuits (ICs) as implantable electronics 
for sensors and other health-monitoring devices. But they've had trouble 
making them robust enough to withstand the high temperatures needed 
to sterilize them. At the meeting, a team from the University of Tokyo 
reported that it has now created heat-stable organic ICs. 


Lookie here. Researchers at the University of California, Berkeley, have cre- 


NEWSFOCUS 


Large-scale nanocarbons. Researchers in Japan reported that a new 
pilot-scale production plant is producing 100 grams of carbon nanotubes 
per hour and said they're on track to open a commercial-scale facility in 
2014 capable of producing 50 tons per year. Another team, meanwhile, 
reported being able to synthesize single-atom-thick carbon sheets of gra- 
phene in a roll-to-roll setup like those used in printing. 


Can you see me now? Researchers in California reported using a light- 
sensitive protein to turn a transistor on and off. The proteins in this case 
were ion channels able to ferry protons from one side of a cell membrane 
to another when exposed to light. They were embedded in a lipid coating 
around a nanowire electrode in the device; when light hit the proteins, 
they pumped protons away from the nanowire, thereby changing the pH 
nearby and triggering the transistor to turn on. Down the road, arrays of 


ated a new nanowire-based optical probe able to peer within individual cells. 


Al Bids to Vie With Li 
In Battery Wars 


We love our rechargeable lithium-ion batter- 
ies. They drive our cell phones, laptops, power 
tools, electric cars, and countless other gad- 
gets. And their numbers are rising. The global 
market for lithium-ion batteries has risen five- 
fold to $10 billion a year over the past decade. 
Still, lithium-ion batteries may face tough 
times ahead. Lithium supplies are limited, 
and the cost of the metal has skyrocketed in 
recent years. So researchers are on the look- 
out for novel battery chemistries. At the meet- 
ing, researchers from New York described 
materials that could pave the way for mak- 
ing rechargeable batteries from aluminum. 
Because aluminum is one of the most abun- 
dant elements on the planet, and is less prone 
to catching fire than lithium is, it could pave 
the way to cheaper and safer rechargeables. 

Batteries work by shuttling ions back and 
forth through an electrolyte that sits between 
two electrodes. At the electrodes, the ions 
either give away extra electrons during dis- 
charge or sop them up during recharging. 
Numerous researchers have dabbled in mak- 
ing aluminum batteries before. But alumi- 
num ions are larger than lithium ions, and 
they tend to clump together inside batteries. 
These aluminum clumps move more slowly 
between electrodes than lithium ions do, 
which reduces their conductivity. So in the 
past, research teams ran their aluminum-ion 
cells at high temperatures to boost their con- 
ductivity. But high-temperature cells aren’t 
useful for most applications that run at or 
near room temperature. 
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Cheaper rechargeables? New aluminum-ion batteries store 
about the same amount of energy as lithium-ion versions, and 


they should be safer. 


In 2010, researchers at Cornell University, 
led by chemical engineer Lynden Archer, 
began searching for a way to boost the room- 
temperature conductivity of aluminum-ion 
cells. Previous aluminum-ion batteries had 
used conventional ion-conducting electro- 
lytes, which were poor aluminum-ion con- 
ductors. So Archer and his colleagues turned 
to an electrolyte made from an ionic liquid 
that sped up the shuttle time for the alumi- 
num ions. They also synthesized vanadium- 
oxide nanowires for their cathode that were 
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able to harbor more aluminum 
ions during charging. At the 
meeting, Archer’s postdoctoral 
assistant Navaneedhakrishnan 
Jayaprakash reported that the new 
cells made with these improve- 
ments were rechargeable at room 
temperature at typical recharge 
times. After 20 charge-discharge 
cycles, they had a capacity of 273 
milliamp-hours per gram, on par 
with lithium-ion cells sold today. 
The results were also published 
online on 3 November in Chemi- 
cal Communications. 

“It’s quite intriguing,” says 
Paul Braun, a chemist and bat- 
tery expert at the University of 
Illinois, Urbana-Champaign. 
One advantage, Braun says, 
is that each aluminum ion can 
ferry three electrons every time 
it moves between electrodes, 
whereas lithium ions can carry 
only one electron. That could 
help boost the energy-storage 
capacity of aluminum batteries. 
But both Braun and Archer note that the 
new aluminum-ion cells aren’t ready to go 
up against lithium cells. The ionic liquid 
electrolyte is too expensive for commercial 
use. And the anode in the new battery is 
pure aluminum metal, which after repeated 
charge-discharge cycles can form tiny metal 
spears that can damage key parts of the 
battery. Archer says he and his colleagues are 
now turning to these and other challenges in 
hopes of turning one of the most abundant 
metals into a better battery. -R.F.S. 
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LETTERS 


edited by Jennifer Sills 


Single-Sex Education: 
Results One-Sided 


IN THEIR EDUCATION FORUM “THE PSEUDOSCIENCE OF SINGLE-SEX 
schooling” (23 September, p. 1706), D. F. Halpern e¢ al. claim that 
there is no evidence to support positive effects of single-sex educa- 
tion. They acknowledge that “without blind assessment, randomized 
assignment to treatment or control experiences, and consideration of 
selection factors, judging the effectiveness of innovations is impos- 
sible,” yet they cite only those studies that support their thesis. 
Absent from their analysis were studies such as “Public and Catho- 
lic schooling: The effects of gender context policy” (/), which indi- 
cates that it was the single-sex system that accounted for the outper- 
formance by Catholic schools of public schools in an earlier study (2). 
They also overlooked a longitudinal study conducted in New Zealand 
indicating that single-sex education resulted in different and more 
favorable outcomes in terms of gender equity than did coeducation (3). 
Halpern et al. seemed to question whether males and females 
respond differently to stress, despite abundant research that has been 
done in this area (4). They also claim that “boys who spend more 
time with other boys become increasingly aggressive” and “girls who 
spend more time with other girls become more sex-typed,” yet the 
source they cite as support studied children whose mean age was 52 
months (5). Proponents of single-sex schools are not arguing for sin- 
gle-sex preschools, and a study of preschool children is not applicable 
to children in elementary, middle, and upper-school students. 
Anecdotally, having taught in both single-sex and coeducational 
middle and upper schools, I have observed that sex-role stereotyping 


Single-Sex Education: 


Boning up on 
materials design 
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is more evident in a coeducational environment. The onset of adoles- 
cence seems to create enormous pressure on many boys and girls to 
appear and behave as true to their gender stereotype as possible, espe- 
cially in the presence of the opposite sex. 

It is interesting that the 
authors argue that there is no 
study using blind assessment 
and randomized assign- 
ments to support the idea that 
single-sex education leads 
to stronger outcomes. This is 
similar to the arguments that 
the tobacco industry used 
for years to argue that there 
was no causal (experimental) 
evidence to support the notion that cigarette smoking was harmful to 
one’s health. Although it would make for better science to randomly 
select experimental and control groups for single-sex and coed condi- 
tions, I do not know any proponent of single-sex education that wishes 
to force who model on any student or parent. 

OLEN ANTHONY KALKUS 


Princeton Academy, 1128 Great Road, Princeton, NJ 08540, USA. E-mail: okalkus@ 
princetonacademy.org 
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Positive Effects 


IN THEIR EDUCATION FORUM “THE PSEUDO- 
science of single-sex schooling” (23 
September, p. 1706), D. F. Halpern eg al. 
correctly point out the challenges inherent 
in assessing the causal effects of single-sex 
schooling: Because in most contexts, stu- 
dents (or their families) choose between 
single-sex and coeducational schools, differ- 
ences between the groups may reflect varia- 
tions in unobserved characteristics (such 
as motivation or ability) that contributed to 
school selection. However, Halpern ef al.’s 
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assertion that “there is no well-designed 
research showing that single-sex education 
improves students’ academic performance” 
is incorrect. 

We took advantage of a unique setting in 
Seoul, South Korea, to assess causal effects 
of single-sex schools (/). Until 2009, stu- 
dents in Seoul were randomly assigned to 
high schools within school districts regard- 
less of whether schools are single-sex or 
coeducational. Observed socioeconomic 
student backgrounds are well balanced 
between the two types of schools, confirm- 
ing randomness of school assignment. Non- 
compliance with random assignment is at 
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most very limited. Our analysis shows that 
single-sex schools produce higher 4-year 
college attendance and better national uni- 
versity entrance exam scores than coedu- 
cational schools for both boys and girls. 
Although we do not argue that our finding 
is conclusive and can be generalized to other 
contexts, this study and others (2, 3) pro- 
vide data and statistical support for positive 
impacts of single-sex schooling. 
Meanwhile, to support their conclu- 
sion that single-sex schools perpetuate sex- 
typed behaviors and sexism, Halpern et al. 
cite observational studies of small samples 
(4, 5). They also cite an observational study 
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to show that single-sex schooling increases 
divorce (6), but they ignore the results in the 
same work showing positive educational 
outcomes of single-sex schools. 

The literature shows that, in contrast to 
the claims of Halpern et al., systematic anal- 
yses of the impacts of single-sex schools 
have found significant positive effects on 
educational outcomes, whereas equally 
systematic investigations of the impacts of 
single-sex schools on sex-typed behaviors 
and sexism are not yet available. 

HYUNJOON PARK,** JERE R. BEHRMAN,? 
JAESUNG CHOI? 
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Single-Sex Education: 


Unequal to Segregation 


IN THEIR EDUCATION FORUM “THE PSEUDO- 
science of single-sex schooling” (23 
September, p. 1706), D. F. Halpern et al.’s 
premise that racial segregation and single- 
sex schools are equivalent is unfounded. 
Racially segregated schools were a func- 
tion of a reprehensible belief that people 
of color were different from and, hence, 
inferior to whites, and that inferiority war- 
ranted inequality on any count, includ- 
ing education. Those beliefs and behaviors 
were destructive and detrimental not only to 
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Letter, go to www.submit2science.org. 
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the people required by law to go to inferior 
schools, but to our entire society. Single- 
sex education has no such damaging inten- 
tion or outcome. Most important, it is a 
choice made willingly by students and par- 
ents, because of the value they recognize in 
the academic and social development that 
single-sex schools provide for their chil- 
dren, not only in the short term (test scores 
and college admission), but also for life. 
BURCH FORD 
President, National Coalition of Girls’ Schools, 50 Leon- 


ard Street, Belmont, MA 02478, USA. E-mail: burchford@ 
ncgs.org 


Single-Sex Education: 
Parameters Too Narrow 


IN THEIR EDUCATION FORUM “THE PSEUDO- 
science of single-sex schooling” (23 
September, p. 1706), D. F. Halpern eg al. 
evaluate school success solely by standard- 
ized test scores. They make no attempt to do 
or cite research that measures parameters 
such as self-confidence, self-reliance, and 
leadership qualities. These are the attributes 
that parents look to single-sex schooling to 
foster in their children. 

The authors also cite divorce statistics in 
a survey done of adults who went through 
single-sex schooling in the United King- 
dom. Are these data applicable to our Amer- 
ican experience? How are they relevant in 
a time when divorce is so common? Is “not 
getting divorced” a positive social value? In 
whose judgment? Is “not getting divorced” 
in and of itself a sign of responsible, edu- 
cated adult behavior? 

Halpern et al. reason that studies of ste- 
reotyping caused by single-type schools for 
racial and ethnic minorities are applicable 
to single-sex schools. However, gender is 
balanced numerically and cuts across race, 
income, region, and education. Given the 
extreme prejudice that blacks and Hispan- 
ics have faced historically, it is inappropri- 
ate to equate the experience of same-gender 
schools with same-race schools. 

THOMAS G. PALAIMA 


Department of Classics, University of Texas at Austin, 
Austin, TX 78712, USA. E-mail: tpalaima@mail.utexas.edu 


Response 

WE APPRECIATE THE LETTER WRITERS’ 
responses to our Education Forum and 
reply to their concerns in turn. The Letters 
by Kalkus and by Park ef al. argue that we 
neglected to cite certain studies showing the 
benefits of single-sex education. Our con- 


clusion was based on several large research 
reviews and data syntheses of thousands of 
extant studies. Aggregated findings provide 
more meaningful evidence than any single 
selected report. 

The U.S. Department of Education’s 
review (/) included the cohorts studied by 
two of Kalkus’s references—Riordan (2) 
and Gibb et al. (3)—in arriving at its con- 
clusion of “equivocal” evidence for differ- 
ences between single-sex and coeducational 
outcomes. Thus, unlike the tobacco indus- 
try’s response to data on smoking and health, 
we cite multiple comprehensive reviews that 
fail to find an association between single-sex 
education and educational benefits. Kalkus 
also cites a paper on stress responses by Tay- 
lor et al. (4) as arationale for separating boys 
and girls and teaching them differently. This 
study is largely theoretical, whereas recent 
research finds no difference between boys’ 
and girls’ levels of the stress hormone cor- 
tisol (5); no difference between the levels of 
o.-amylase, a salivary enzyme whose release 
is triggered by the central sympathetic ner- 
vous system (6); nor any difference in the 
balance of sympathetic and parasympathetic 
control of heart rate variability, another 
measure of stress response (7). When found, 
sex differences in children’s neurobehav- 
ioral measures tend to be small, with much 
more variance within each sex than differ- 
ence between them, making such group dif- 
ferences unsuitable for sorting students into 
different schools or classrooms. 

Contrary to Kalkus’s assertion, studies 
of young children are relevant. Single-sex 
classrooms are being established in U.S. kin- 
dergartens (8) and pre-kindergartens (e.g., 
Princeton Academy). Peers influence chil- 
dren at all ages (9). Furthermore, a recent 
meta-analysis found support for the inter- 
group contact hypothesis—that is, segrega- 
tion of groups promotes stereotyping and 
prejudice toward the other group, whereas 
intergroup contact reduces such stereotyp- 
ing and prejudice, among children, adoles- 
cents, and adults (/0). 

Regarding Kalkus’s points about aggres- 
sion, a recent longitudinal study found that 
adolescent boys were less aggressive in 
schools characterized by high levels of cross- 
gender interactions (//). Similarly, a large 
analysis of gender “dosage” reported that the 
lower the proportion of girls in a classroom, 
the more disruption and violence (/2). These 
studies thus agree with findings on younger 
children that male aggression is associated 
with the proportion of boys in the group. 

Sexism and stereotyping may be found 
in both coeducational and single-sex class- 
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rooms (/3). However, the most efficient and 
effective solution lies not in segregating boys 
and girls, but in fostering a favorable school 
climate that encourages mutual respect and 
positive, productive gender interactions, a 
conclusion supported by a recent social pol- 
icy report from the Society for Research on 
Child Development (/4). 

We thank Park ef al. for pointing us to 
their working paper (/5), which exploits 
randomized school assignment to assess 
single-sex versus coeducational outcomes 
in South Korea. However, because their 
study does not directly assess demographic 
variables and includes only two coarse mea- 
sures of school quality, it is impossible to 
determine whether the different college out- 
comes are due to gender composition or to 


other differences between types of schools. 
In fact, the study found that boys’ advan- 
tage could be attributed exclusively to the 
higher proportion of male faculty in all- 
boys schools, which the authors note can be 
implemented in coeducational schools. Fur- 
thermore, another analysis of the same ran- 
domized population (/6), found that girls 
from single-sex schools were significantly 
less likely to be admitted to the nation’s pre- 
mier university than girls from coeduca- 
tional schools, a puzzling finding given that 
Park et al. report that these single-sex edu- 
cated girls earned better national university 
entrance exam scores. Another recent study 
involving semirandomized assignment of 
students in Trinidad and Tobago (/7) found 
that most students performed no better in 


CORRECTIONS AND CLARIFICATIONS 


Science Prize Essay: “Lessons from a science education portal” by D. Micklos et al. (23 December 2011, p. 1657). Errors 
were made during galley corrections. On page 1657, two words were substituted for the authors’: In the first line of column 
two, “experimental” for “exponential” and, in the last sentence of the second paragraph in column three, “visualization” 
for “visitation.” The first corrected sentence is: “Search engines became de facto arbiters of an exponentially expanding 
Web, periodically directing ‘robots,’ or ‘spiders,’ to build a searchable index of a site.” The second corrected sentence is: 
“Additional efforts in spring 2011 increased visitation 20.5% in June to November.” The sentences have been corrected in 
both the PDF and HTML versions online. 


Perspectives: “A correlation for the 21st century” by T. Speed (16 December 2011, p. 1502). Owing to a production error, 
the name J. Wishart was mistakenly included as a coauthor in reference 7. H. O. Hirschfeld is the sole author. 


News of the Week: “An elemental process nears its end” (9 December 2011, p. 1329). The story incorrectly stated that the 
official name for element 116 will be flerovium. Element 116 will be named livermorium, and element 114 will be flerovium. 


Reports: “Pathogen effectors target Arabidopsis EDS1 and alter its interactions with immune regulators” by S. Bhattacha- 
rjee et al. (9 December 2011, p. 1405). In both the PDF and HTML versions online, the figures have been upgraded to 
remove white lines in color blocks. 


News Focus: “Where does the time go?” by A. Cho (2 December 2011, p. 1200). The story stated that neutrino pulses take 
2.43 microseconds to travel from the CERN laboratory in Switzerland to a detector at Gran Sasso in Italy. The correct figure 
is 2.43 milliseconds. 


Perspectives: “Warburg effect and redox balance” by R. B. Hamanaka and N. S. Chandel (2 December 2011, p. 1219). In 
the figure, PMK2 should be PKM2. 


Perspectives: “True performance metrics in electrochemical energy storage” by Y. Gogotsi and P. Simon (18 November 
2011, p. 917). On page 918, in panels A and B of the figure, for the vertical axis (power density), the units should be W/kg 
and W/liter instead of Wh/kg and Wh/liter, respectively. 
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Comment on “Late Mousterian Persistence near the Arctic Circle” 


Nicolas Zwyns, Wil Roebroeks, Shannon P. McPherron, Adam Jagich, Jean-Jacques Hublin 


Slimak et al. (Reports, 13 May 2011, p. 841) reanalyzed the lithic assemblage from the northern site of Byzovaya (Russia) 
and concluded that it was Mousterian and produced by Neandertals. The previous interpretation of this assemblage as 
falling within Early Upper Paleolithic variability remains the most parsimonious explanation; pending additional fossil 
discoveries, there is no evidence supporting the occurrence of Neandertals at these high latitudes. 


Full text at www.sciencemag.org/cgi/content/full/335/6065/167-b 


Response to Comment on “Late Mousterian Persistence near the Arctic Circle” 


Ludovic Slimak, John Inge Svendsen, Jan Mangerud, Hugues Plisson, Herbjorn Presthus 
Heggen, Alexis Brugére, Pavel Yurievich Pavlov 


Contrary to what Zwyns et al. claim on a bibliographical basis, the lithic industry of Byzovaya cannot belong to the 
Streletskayan complex or be considered as Upper Palaeolithic (UP). Direct analysis of northern assemblages and of 
Streletskayan technologies reveal incompatible features between these industries. Byzovaya is structured on specific 
Mousterian technologies and does not show any unique features of the UP. 


Full text at www.sciencemag.org/cgi/content/full/335/6065/167-c 
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single-sex schools, compared with coedu- 
cational schools, and that girls in single- 
sex schools took fewer science courses and 
more traditionally female subjects than girls 
in coeducational schools. 

We agree with Park et al. that system- 
atic reviews have yet to address the potential 
harm of single-sex schooling in increasing 
gender stereotyping and sexism. However, 
we cited several individual studies dem- 
onstrating the negative effects on children 
when adults use attributes such as gender to 
organize the learning environment and also 
provide evidence for negative gender inten- 
sification when children are limited to same- 
sex peer interactions. We also note that 
increased gender stereotyping was a prom- 
inent finding in a study of the failed Cali- 
fornia experiment to implement single-sex 
public schooling (78). In addition, although 
the UK study addressing men’s divorce rates 
did find a benefit of single-sex schooling on 
girls’ self-concept in math and science, this 
did not translate into greater female par- 
ticipation in STEM careers or even overall 
labor market participation (/9), suggesting 
that the all-girls’ environment, which other 
research indicates may foster a “pernicious” 
sexism (/3), does not buffer against real- 
world sexism. 

Ford and Palaima reject the analogy 
between gender segregation and racial seg- 
regation. We stand by our argument. Over 50 
years of psychological research has shown 
that people who are sorted into groups 
based on either biological (e.g., eye color, 
sex, or skin color) or arbitrary (e.g., shirt 
color) traits develop favoritism toward the 
in-group and stereotypes of the out-group 
(20). We also note that, similar to children 
of color, girls were historically denied an 
education equal to boys, and that women, 
like racial minorities, have been subject to 
intrinsic bias in hiring and promotion, which 
is exacerbated in gender-segregated work- 
places (2/). Racial segregation was legal in 
US. schools until social scientists and others 
testified in court regarding its harmful con- 
sequences and worked to change the law. 

Palaima is wrong in his assertion that we 
examined only “standardized test scores.” 
The U.S. Department of Education review 
we cited (/) examined a wide range of out- 
come variables in addition to school achieve- 
ment, including self-concept, delinquency, 
attitudes toward school, school completion, 
choice of college major, eating disorders, 
career aspirations, attitudes toward women, 
and opportunities for leadership roles. 

We do not advocate value judgments 
regarding divorce. However, data showing 
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that men in their 40s were more likely to be 
divorced if they attended single-sex schools 
than if they attended coeducational schools 
(8) provide support for the theory that when 
girls and boys work and play cooperatively 
in structured, supportive environments, they 
develop the skills needed for working and 
living together. In light of compelling coun- 
terarguments to the critiques offered in the 
preceding letters, we reaffirm the conclu- 
sions in our original article. 
DIANE F. HALPERN,** LISE ELIOT,” 
REBECCA S. BIGLER,? RICHARD A. FABES,* 
LAURA D. HANISH,’ JANET HYDE,? LYNN S. LIBEN,® 
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Comment on “Late Mousterian 
Persistence near the Arctic Circle” 


Nicolas Zwyns,?* Wil Roebroeks,? Shannon P. McPherron,? Adam Jagich,” Jean-Jacques Hublin* 


Slimak et al. (Reports, 13 May 2011, p. 841) reanalyzed the lithic assemblage from the 
northern site of Byzovaya (Russia) and concluded that it was Mousterian and produced by 
Neandertals. The previous interpretation of this assemblage as falling within Early Upper 
Paleolithic variability remains the most parsimonious explanation; pending additional 
fossil discoveries, there is no evidence supporting the occurrence of Neandertals at 


these high latitudes. 


he recent paper by Slimak ef a/. (/) makes 

two large claims. First, based on their re- 

analysis of the small (n = 313 on 550 m°), 
previously excavated (2) lithic assemblage from 
Byzovaya (Russia) (Fig. 1), they claim that the 
assemblage is now best attributed to the Mous- 
terian. Second, they use this Mousterian attribu- 
tion to claim that the Byzovaya assemblage was 
produced by Neandertals. This inferred Neander- 
tal presence near the Arctic Circle is the north- 
ernmost one claimed thus far and is at least 7000 
'4SC years younger than any other unambiguous 
and directly dated Neandertal skeletal remains 
(3). If substantiated, their claim would consid- 
erably expand the geographical range of Nean- 
dertals and possibly demonstrate the existence of 
northern refugia before their disappearance. 

The problem with their claims is that there is a 
more parsimonious explanation for the Byzovaya 
assemblage. When considered in its regional con- 
text, this assemblage fits within the variability 
displayed by Early Upper Paleolithic (EUP) as- 
semblages. This conclusion, reached by previous 
studies of the very same assemblage [(2, 4, 5), 
which included one of us (W.R.), who handled 
the material] is not refuted by the Slimak ef al. 
paper. So, for example, Byzovaya shares many 
features with the EUP Streletskaya technocom- 
plex [36, 000 to 27,000 '4C years before the 
present (yr B.P.)] (4), which is present at the con- 
temporaneous site of Garchi (6) (Fig. 1). Most of 
the features described by Slimak et al. as Mous- 
terian, such as discoid technology and side- 
scrapers with scalar retouch, are well documented 
in Streletskayan EUP assemblages at Kostenki 
(Fig. 2) that date to roughly the same time period 
(7). EUP laminar elements are known to be rare 
in Streletskayan assemblage, and previous pub- 
lications of Byzovaya (2, 4) report the presence 
of a few of them. The Byzovaya leaf points, in- 
terpreted by Slimak ef al. as showing a con- 
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nection to the eastern European Mousterian, are 
also identical to some from the EUP of Kostenk1. 

Zaozer’e, dated 5000 “4c years older than 
Byzovaya and with an assemblage recovered in 
primary archaeological context (2), is an impor- 
tant regional point of comparison. This assem- 
blage contains a pronounced EUP component 
that includes points on large prismatic blades, 
blades with steep retouch, and retouched and 
simple burins on truncations or breaks. Addition- 
ally, Zaozer’e includes UP elements such as bone 
and antler points, perforated pendants, and beads 
(6). In Zaozer’e, however, there is also a strong 
Middle Paleolithic (MP) component dominated 
by small plano-convex bifacial tools, similar to 
those found in the eastern European Mousteri- 


an but, importantly, also similar to the reported 
Keilmesser of Byzovaya. The fact that the ar- 
chaeological level in Byzovaya is in secondary 
context raises questions regarding the assem- 
blage composition. As indicated by the low fre- 
quency of small stone artifacts, sorting processes 
likely occurred and could explain the absence of 
UP elements such as small blades, pendants, or 
antler points that sometimes occur within similar 
assemblages in primary context. 

One of the key arguments for the Mousterian 
attribution is Levallois blank production. The 
Levallois component noted by Slimak et al. con- 
sists of four reported cores and an unknown 
quantity of unillustrated Levallois flakes. How- 
ever, given that the Byzovaya bifacial technology 
can produce flakes highly similar to Levallois 
flakes, demonstration requires some illustration 
of these artifacts. The one illustrated Levallois 
core [figure 3 in (/)] lacks a clear preparation of 
the flaking surface and, as such, stretches the 
limits of the definition of the Levallois method 
(8). A more complete description of the reported 
Levallois technology is required because Le- 
vallois is a highly variable technique that also 
appears in so-called MP to UP transitional as- 
semblages and in initial UP assemblages across 
Eurasia (9, /0). 

With regard to the Neandertal refugium ar- 
gument, it is important to note that so far no ar- 
chaeological material older than the Mamontovaya 
(11)/Zaozer’e sites (i.e., before about 35,000 


Fig. 1. The geographical dis- 
tribution of the sites men- 
tioned in the text. (1) Sungir. 
(2) Kostenki. (3) Garchi |. (4) 
Zaozer'e. (5) Byzovaya. (6) 
Mamontovaya Kurya. 
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Fig. 2. Comparison be- 
tween Streletskayan as- 
semblages from Kostenki 
1 level V (A), Kostenki 
12 level III (B to E), and 
Byzovaya. All Mousterian 
tools described by Slimak 
et al. occur in Streletskayan 
assemblages. Given this 
context, they are insuf- 
ficient to support an at- 
tribution to Mousterian. 
(A) Leaf point. (B) Bifacial 
knife (with scalar retouch). 
(© Mousterian scrapers. (D) 
Quina-type side-scrapers. 
(E) End-scrapers. Redrawn 
from previous publications 


leg., (5, 15)]. 


'4C yr B.P.) has been found in this region, despite 
the fact that finding MP sites has been a goal of 
fieldwork over the past decade (6). Further south 
in the lower Don River basin, the absence of 
Mousterian assemblages from the Kostenki site 
complex (21 sites, several including multiple layers) 
suggests that between 38,000 and 20,000 'C yr 
B.P., only UP assemblages were produced there 
and shows, based on skeletal remains and mito- 
chondrial DNA (mtDNA), that anatomically mod- 
erm humans were present in the region by at least 
31,000 '4C yr B.P. (72). At the still closer site of 
Sungir, the oldest dates on two modern human 
skeletons and on a Streletskayan assemblage 
are comparable with the dates for Byzovaya 
(73). Accepting the Slimak et al. interpretation of 
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Kostenki 


Byzovaya 


Byzovaya implies that the makers of the Mous- 
terian entered—and then remained constrained 
to—the northern latitudes before 38,000 years 
ago, shared the region for at least 5000 years 
with the EUP makers of the Zaozer’e assem- 
blage, and remained otherwise invisible in the 
archaeological record for about 10,000 years. 
Slimak ef a/.’s paper again raises the question 
of whether specific types of lithic assemblages 
can be linked to hominin species in the absence 
of skeletal remains. Western and Central Europe 
are for now the only regions where the Mouste- 
rian and/or the Levallois technologies are indeed 
exclusively associated with Neandertal fossils, 
whereas in Africa and the Levant they are also 
associated with early modern humans. Given that 
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the local EUP retains numerous MP features, the 
small Byzovaya assemblage cannot be used to 
determine the hominin taxon that made it. Fossils 
are needed to settle the important issues regarding 
the former distribution of extinct hominins and to 
document a hypothetical expansion of Neander- 
tals in the far north. Such fossil remains can con- 
sist of morphologically diagnostic skeletal remains 
and/or of DNA signals retrieved from skeletal 
remains. Analysis of mtDNA from otherwise un- 
diagnostic skeletal remains from Okladnikov (east- 
erm Russia) extended the Neandertal range a 
spectacular 1500 km to the east (/4). In contrast, 
Slimak ef al.’s claim for a similarly spectacular 
expansion of the Neandertal chronological and 
geographical range is not supported by any type 
of evidence, neither skeletal nor archaeological. 
The previous interpretation of the Byzovaya as- 
semblage remains the best interpretation. It is 
Upper Paleolithic. 
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Response to “Comment on Late 
Mousterian Persistence near the 


Arctic Circle” 


Ludovic Slimak,?* John Inge Svendsen,” Jan Mangerud,” Hugues Plisson,? 
Herbjorn Presthus Heggen,” Alexis Brugeére,* Pavel Yurievich Pavlov? 


Contrary to what Zwyns et al. claim on a bibliographical basis, the lithic industry of Byzovaya 
cannot belong to the Streletskayan complex or be considered as Upper Palaeolithic (UP). 
Direct analysis of northern assemblages and of Streletskayan technologies reveals incompatible 
features between these industries. Byzovaya is structured on specific Mousterian technologies 
and does not show any unique features of the UP. 


he main criticism by Zwyns et al. (/) is 
that they think that the Byzovaya assem- 
blage “fits within the variability displayed 
by Early Upper Paleolithic....Streletskaya tech- 
nocomplex.” They support their view by making 
a comparison with some selected artifacts from 
the UP sites of Zaozer’e, Garchi, and Kostenki 
farther to the south. We previously performed an 
in-depth analysis of all these industries and dis- 
agree with their assertion that the Byzovaya ma- 
terial offers several points of resemblance with 
these and other UP sites. Our direct analyses 
reach the conclusion that three distinct Palaeo- 
lithic Boreal traditions existed over a period 
covering at least 7 millennia (2). 

In all, 2437 lithic elements were available 
from the Zaozer’e site, including our 2008 field 
campaign. This includes 107 tools, as compared 
with 80 from Byzovaya. Zwyns ef al. claim 
that in Zaozer’e “there is also a strong Middle 
Paleolithic component dominated by small plano- 
convex bifacial tools, similar to those found in 
the eastern European Mousterian but, important- 
ly, also similar to the reported Keilmesser of 
Byzovaya.” Zaozer’e is dominated by retouched 
blades, representing 28 of the 107 tools. We found 
14 plano-convex elements that represent an orig- 
inal category: bifacial end-scrapers presenting 
a regular circular front, for which no Mousterian 
equivalence is known (Fig. 1). Zwyns et al. further 
assume that “low frequency of small stone 
artifacts” at Byzovaya would explain the “ab- 
sence of UP elements such as small blades, pen- 
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dants, or antler points that sometimes occur 
within similar assemblages in primary context.” 
This is not substantiated by the facts, as small 
elements (<2 cm) are even more frequent from 
Byzovaya (20.8%) than from Zaozer’e (16.3%). 
The Zaozer’e collection also presents a variety of 
large tools and subproducts on bone, antler, and 
ivory, which is typically UP (Fig. 1). 

As many as 5000 lithic elements have been 
uncovered from Garchi. This includes many char- 
acteristic triangular points with a concave base 
that is considered diagnostic of the Streletskayan 
industry. The remaining artifacts are for the most 
part subproducts of this point production. Finally, 
a few small end-scrapers that are shaped directly 
from siliceous pebbles are present, and none of 
the lithic elements at Garchi share any techno- 
logical similarities with the artifacts from either 
Byzovaya or Zaozer’e. 

Direct technological data show that Byzovaya, 
Zaozer’e, and Garchi represent three different 
technical traditions that are not related to each other. 
The Garchi lithics are typical of UP Streletskayan 
industries, and it seems clear that Zaozer’e also 
belongs to a UP complex. These sites present 
incompatible technologies, corroborating our pre- 
vious conclusion that they present no technical 
relation with Byzovaya. 

Zwyns et al. discuss the Levallois technology 
of Byzovaya. They argue that the core shown in 
our figure 3 (3) would lack a clear preparation of 
the flaking surface that would be typical for this 
technology. We lean on the explanation provided 
by Bordes (4): “the expression ‘facetted butt,’ 
taken in the sense of the Levallois technique, is 
absolutely erroneous, because there are many 
flakes with facetted butts that are non-Levallois, 
and there exist Levallois flakes with a flat butt” 
(5). Their position is hardly understandable be- 
cause they refer to a major publication giving the 
Levallois diagnostic features that absolutely fit with 
the Byzovaya elements (6). The less-disputed way 
to demonstrate a Levallois technology is based 
on the core geometry and structure that demon- 
strate that at Byzovaya, Levallois technologies 
illustrate the preferential method, the most diag- 
nostic feature of the Mousterian. 


Zwyns et al. assume that “Comparison be- 
tween Streletskayan assemblages from Kostenki 
1 level V (A), Kostenki 12 level III (B to E), and 
Byzovaya” would demonstrate that tools de- 
scribed as typically Mousterian by us occur in 
Streletskayan complexes. However, they do not 
compare the full “assemblages” but illustrate 
their view from drawings of five selected objects 
from Byzovaya and five others from two dif- 
ferent sites of Kostenki. In our opinion, this ap- 
proach is misleading because it: (i) is based on 
second-hand data, (ii) focuses on a handful of 
selected objects, (ii1) mixes elements from dif- 
ferent sites, and (iv) isolates objects from their 
specific technological context. Any lithic element 
belongs to a coherent system that has to be ex- 
amined as an entity. In this case, their supposed 
similarities are very vague. For making this clear, 
we added five tools from a French final Neolithic 
site to figure 2 in (/) (Fig. 3), illustrating the dan- 
ger of such analogic methods. 

Before our original paper (3) was published, 
we performed a first-hand technological compar- 
ison with Streletskayan assemblages from the 
well-known UP sites Kostenki 6 (the eponymous 
Streletskayan) and Biryuchya Balka, which of- 
fers the richest collection of such an industry. We 
could not find a single element reflecting a real 
Mousterian technology. We suspect that the so- 
called archaic structure is the frequent occurrence 
of retouched flakes whose blanks occur from the 
bifacial shaping of the concave-base points as at 
Garchi (Fig. 2). However, it is noteworthy that 
none of the 50,000 artifacts from Biryuchya Balka 
could be confused with a Levallois or discoid ar- 
tifact by any experienced lithicist. 

Zwyns et al. interpret the elements from 
Kostenki and Byzovaya shown in figure 2A in 
(J) as a “leaf point” (Blattspitzen). The artifact 
from Kostenki is more than 2 cm thick and has 
very irregular edges and two differently shaped 
faces—one with flat covering retouch, the other 
scalar, showing that it represents an unfinished 
and undiagnostic bifacial element. We are much 
in doubt about this classification. In contrast, their 
selected artifact from Byzovaya is much thinner 
and more regular but bears a plano-convex con- 
struction. To be precise, such tool is no more com- 
patible with the leaf-point definition but appears 
classically among Mousterian technologies [see 
(4), plate 49]. 

Figure 4 shows a Blattspitzen from Byzovaya, 
symmetric across all axes, with indisputable reg- 
ular edges. Flat retouch covers each face, and the 
tool is only few millimeters thick. We consider it a 
classic example of its category, typical for the 
Central and Eastern European Mousterian in- 
dustries and distinctively different from the un- 
convincing example from Kostenki. 

The given samples of “‘Quina-type side-scrapers”” 
[figure 2D in (/)] are no more relevant; the one 
from Byzovaya is an artifact struck from a natural 
slate and shaped by a bifacial flat retouch [com- 
pare with figure S6 in (3)]. 
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Finally, the commenters argue for the lack of 
Middle Palaeolithic sites previously found in the 
region. We underline that, since the 19th century, 
Palaeolithic research has been conducted there by 
only three archaeologists, in an area bigger than 
France and where Pleistocene discoveries are re- 
stricted to eroded river banks. We therefore warn 
against conclusions based on negative evidence. 

Such debate cannot stay at such a binary level 
and within a closed frame that would exclude any 
new data. First-hand analyses reveal the existence 
of at least three distinct traditions, illustrating 
concretely the complexity of the High Latitudes 
colonization. 

Byzovaya is typically Mousterian according 
to its original definition (4), which does not de- 
pend on the biological identity of the knapper or 
on other aspects of hominin social organization. 
In Europe, Mousterian industries have so far al- 
ways been associated with Neandertals, a reality 
that could be dismissed, but only by concrete facts. 
From current knowledge, the Byzovaya technolo- 
gies probably reveal a Neandertal Arctic persist- 
ence, although we still stick to our statement from 
our original paper; “whether Byzovaya repre- 
sents a Neandertal site or not cannot be demon- 
strated beyond doubt until human bones or DNA 
are found” (3). 
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Fig. 1. Zaozer’e industry is, like any other UP industry, based on blade and bladelets technology. The 
plano-convex tools are 14 very specific end-scrapers. Moreover, the industry contains various evidence acknowledgments: We thank A. E. Matyukhin for the 
of bone, ivory, and antler technology, including ornaments. None of these elements is present in opportunity to access the Biryuchya Balka collections in 
Byzovaya, and their combination is unknown in the Mousterian industries of Eurasia. (1) Antler tool. (2 © 2007 and J. E. Lewis for improving the English. 

to 4) Bladelets. (5 to 7) Blades. (8) Zaozer’e end-scraper shaped from plano-convex blank. (9 and 10) 14 july 2011; accepted 28 November 2011 
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Fig. 2. Small concave base-point production represents the main diagnostic feature of the Streletskayan 
industries. It is based on precise technological criteria easily recognizable both in the structure of these 
projectiles points and in the numerous subsequent subproducts. (1 to 3) Garchi. (4 to 6) Biryuchya 
Balka. [Photos by H. Plisson and L. Slimak] 
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Fig. 3. Tools from Les 
Calades shown alongside 
the drawings from figure 
2 in (2). The comparison 
of morphological traits 
out of their specific tech- 
nological and archaeologi- 
cal context is misleading. 
Designations from (1) are 
misleading because they 
are extracted from their 
specific archeological con- 
text and their precise tech- 
nological background: “(A) 
Leaf point. (B) Bifacial knife 
(with scalar retouch). (C) 
Mousterian scrapers. (D) 
Quina-type side-scrapers. 
(E) End-scrapers.” [Draw- 
ings from Les Calades sites 
by R. Furestier] 


Fig. 4. Byzovaya. Real 
Blattspitzen. [Photos by 
Ludovic Slimak] 


Kostienki 


(Streletskian, southwestern Russia) 


Byzovaya 
(Mousterian, Arctic Russia) 


Les Calades 


(Final Neolithic, France) 
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Maxing Out Our Take 


Carl Safina 


aximum sustain- 
able yield (MSY) 
is, for its detrac- 


tors, an idea that has out- 
lived a usefulness it never 
had. The idea: A wild popu- 
lation can withstand human 
extraction, without harm, in 
perpetuity, up to some maxi- 
mum amount. MSY’s flaws 
include its nonconsideration 
of food webs and its fixa- 
tion on “maximum.” Quan- 
tifying MSY requires data 
that many fisheries lack. 
And political exigencies fre- 
quently cause fisheries man- 
agers to simply set catch lim- 
its far higher than the scien- 
tifically recommended, for- 
mally calculated MSY. But 
rather than blaming fishery 
failures at least partly on managers’ frequent 
refusal to apply the principle, some put all the 
blame on the principle itself. The author of All 
the Fish in the Sea is among them. 

Carmel Finley (a historian at Oregon State 
University) dismisses MSY as unscientific: 
“MSY is, and always has been, policy dis- 
guised as science” and “a straitjacket on the 
ability of scientists to incorporate new sci- 
entific understandings.” She also 
claims that the adoption of MSY 
set off “‘a free-for-all to catch the 
world’s fish stocks.” 

Is MSY guilty as charged? 
Since the 1970s, Alaska’s fisher- 
ies managers have generally held 
catches to scientifically quantified 
estimates of sustainable yields. 
Meanwhile, New England’s man- 
agers routinely ignored scientists’ 
recommendations. Alaska main- 
tained robust fisheries. New England’s fisher- 
ies collapsed. U.S. law recently limited catch 
quotas to MSY-based calculations, facili- 
tating some significant recoveries. Perhaps 
MSY can be useful despite its flaws. The free- 
for-all that Finley blames on MSY was, in my 
view, the near-inevitable result of a techno- 
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All the Fish in the Sea 
Maximum Sustainable 
Yield and the Failure of 
Fisheries Management 


by Carmel Finley 
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logical explosion in a competitive world that 
hadn’t found the limits to ocean resources. 
Fishing nations were simply racing to the fish. 

Yet, cutting MSY no slack, Finley dis- 
misses the modest notion that MSY rep- 
resented an implied acknowledgment that 
resources have limits. Finley’s finger of blame 
even lands upon Garrett Hardin. She holds 
that his ““Tragedy of the Commons’ paper ... 
implied that it was impos- 
sible to control the ‘com- 
mons.’ This in turn pro- 
vided justification for those 
who opposed ... interna- 
tional regulatory regimes. 
Moreover, by persuading 
scientists that overuse of 
resources was virtually 
a law of nature, Hardin’s 
analysis drew attention 
away from the conscious 
government policies that had helped to pro- 
duce the prevailing situation.” Well—I doubt 
many ecologists agree. 

The book’s most interesting, tragic, 
road-not-taken figure is Michael Graham, a 
Quaker, soldier, farmer, and human ecolo- 
gist who, after World War II, became Britain’s 
chief fisheries scientist. Having independently 
deduced the precautionary principle, he artic- 
ulated his “great law of fishing: ‘Fisheries that 
are unlimited become unprofitable.’ ” 


SOOK 


The timing was superb. War had devas- 
tated fishing fleets, allowing fish to recover 
from earlier depletion. Graham correctly 
saw a go-slow opportunity for “rational fish- 
ing.” But the mood was wrong. The United 
States and other developed nations wanted 
to stop poorer countries 
from defensively extend- 
ing territorial claims 
seaward. Governments 
hurriedly expanded fish- 
ing fleets to project their 
nations’ dominance. 
Foremost was the United 
States. 

As Finley sets it 
up, Graham’s ideologi- 
cal rival was Wilbert 
M. Chapman, the U.S. 
State Department’s fish- 
eries undersecretary, 
who propounded MSY 
with evangelical zeal 
and self-deceiving jin- 
goism. MSY was then 
merely a concept accom- 
panied by a qualitative 
curve, with no quantita- 
tive parameters and no 
supporting data. At the curve’s low end, fish 
were wasted by leaving them in the sea; at 
its high end, excess fishing drove the popu- 
lation down. But finding that sustainable 
maximum meant that fishing would not be 
restricted until the stocks were overfished. 
Chapman never believed that fishing could 
deplete a fish population. Others held that 
bankruptcy following depletion would pre- 
vent fish extinction—and they expected 
MSY to work automatically, in this self- 
regulating way. Chapman asserted that his 
policies would “make possible the maximum 
production of food from the sea on a sus- 
tained basis year after year.” His MSY was 
not really a limit, but a goal to be reached. 

Chapman, the American policy-maker, 
emphasized “maximum.” Graham, the Brit- 
ish scientist, believed that “the primary objec- 
tive of fishery conservation is to control man’s 
activities” and that “an intermediate rate of 
fishing gives the best result.” But events drove 
policy. Latin nations extending territorial 
claims up to 200 miles from their coasts infu- 
riated American tuna fishermen and, in turn, 
Chapman and the State Department. The terri- 
torial claims were “morally ... unjustifiable,” 
railed Chapman. He saw the Latin Americans 
as selfish because they would not allow U.S. 
fishermen to catch the fish. 

Chapman’s bluster trumped Graham’s 
precautions. During a contentious 1955 inter- 
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national fisheries conference in Rome, del- 
egates voted that “conservation measures 
should be applied when scientific evidence 
shows that fishing activity adversely affects 
... the resources.” But they intended conser- 
vation “to increase, or at least maintain, the 
average sustainable yield” and “to secure 
a maximum supply of food.” Thus, wealthy 
nations granted themselves permission to 
take vastly more. 

Graham had his “great law of fishing.” 
Chapman had a grand delusion: “There is a 
crop to be taken in the international common. 
Each takes according to his ability. When the 
safe crop is taken, all stop the harvest.” 

Finley correctly observes that once fish- 
ing power sufficient to catch the maximum 
sustainable yield has been built, it generates 
pervasive political pressures that make dial- 
ing it back nearly impossible. By the 1970s, 
over a thousand Communist-bloc ships 
were fishing off North America. Americans 
watched helplessly as the policy they cham- 
pioned took their fish. Global fishing capac- 
ity far overshot what the fish could bear, and 
many great fisheries crumbled. Graham’s 
words resonate most: “I am still teaching 
this: ‘Find what direction to go in and take a 
small step that way.’” 

10.1126/science.1215443 


BIOETHICS 
Institutionalizing 
Ethical Research 


Charles W. Lidz 


ow did we get here? Seeking to 
He== that question for institutional 

review boards (IRBs), Laura Stark’s 
Behind Closed Doors challenges the histori- 
cal mythology of bioethics. 

IRBs are supposed to evaluate proposed 
research to “assess risks and safeguard par- 
ticipants’ rights” in human experimentation. 
Yet it is hard to see how this protection will be 
ensured by having the research institution’s 
senior managers choose some subordinates 
to meet on a regular basis to look at some 
paper plans for what will happen in a partic- 
ular project. Don’t committee members have 
a serious conflict of interest? Working for 
the investigator’s institution, they presum- 
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ably have an interest in its success and thus 
in approving the protocols. Why should such 
reviews be done on a local basis? Research 
ethics in San Diego should not differ from 
those in Chicago. Why should 15 or 20 peo- 
ple, whose time is valuable and expensive, 
regularly sit in a room and listen to others 
report their findings about plans submitted 
by investigators (or more typically, by inves- 
tigators’ research assistants)? Does this pro- 
cedure guarantee ethical treat- 
ment of research participants 
and, if not, what other pur- 
poses could it serve? Stark 
(a sociologist at Wesleyan 
University) clarifies how we 
came to settle on the particu- 
lar answers that we have to 
these questions. 

There is a conventional 
account for how our current 
system of research review 
got started. It is the story that those of us 
who teach bioethics regularly recount to 
our students. It begins with the atrocities of 
Nazi “medical research” in the concentra- 
tion camps before and during World War II. 
The subsequent Nuremberg trials built the 
basis for modern bioethics, including the 
key role of informed consent. Over the fol- 
lowing decades, a series of severely unethi- 
cal research studies occurred, such as the 
notorious Tuskegee syphilis study, the Jew- 
ish Chronic Disease Hospital case (which 
involved injecting live cancer cells into 
elderly demented patients without consent), 
and the Willowbrook experiments (randomly 
choosing institutionalized severely develop- 
mentally delayed people to be given hepa- 
titis). Public outrage over these events and 
intensive pressure from bioethicists led to 
our current procedures for research review. 

The most important contribution of this 
interesting, slim book is Stark’s demonstra- 
tion that the conventional version of the ori- 
gin of IRBs is a very partial story. Everyone 
knows that the IRB regulations were devel- 
oped and promulgated by the U.S. National 
Institutes of Health (NIH). What Stark 
learned through a detailed review of hun- 
dreds of NIH documents is that the concept 
was built on the NIH Clinical Center’s inter- 
nal process called “group consideration.” The 
Clinical Center developed that largely as a 
means of preserving its researchers’ auton- 
omy, especially in choosing how consent was 
to be documented. Although the reviews were 
not primarily focused on ethics, group con- 
sideration was intended to assure Congress 
and other outsiders that the Clinical Center’s 
researchers were behaving ethically. 


Behind Closed Doors 


IRBs and the Making 
of Ethical Research 


by Laura Stark 


University of Chicago Press, 
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$27.50. ISBN 9780226770871. 
Morality and Society. 


Two things led NIH to push its internal 
system for ethical review onto all medi- 
cal and behavioral scientists at institutions 
receiving federal funding: The Tuskegee and 
Jewish Chronic Disease Hospital scandals 
increased attention from both Congress and 
the media. And the growth of NIH’s exter- 
nal research funding increased concerns 
that NIH could be held liable for the ethical 
and legal violations of outside researchers. 
NIH wanted to distance itself 
legally from the experimenta- 
tion that it funded. The IRB 
system of local review pro- 
vided that protection while 
demonstrating NIH’s concern 
for the ethics of the research 
it supported. 

There is, of course, con- 
siderable irony in this history. 
What started out as a means 
of protecting research from 
intrusive regulation (and particularly the 
requirement that subjects sign detailed con- 
sent forms) has evolved into precisely what 
the group consideration process was meant 
to prevent: an intensive regulatory process 
that researchers resent as an intrusion on 
their autonomy. All applications for NIH 
funding for research involving humans now 
require a detailed description of how the 
subjects are to be treated and informed con- 
sent obtained. Thus, even the local nature of 
ethical review is increasingly limited. 

Along with the historical account, Stark 
offers several chapters based on her ethno- 
graphic observation of two IRBs at differ- 
ent universities. Some of this interesting 
material contributes substantially to our 
understanding of how IRBs make deci- 
sions: She describes how committee mem- 
bers persuade one another of their expertise 
to critique a protocol. She provides a plau- 
sible account of why different IRBs gener- 
ate conflicting reviews even though they 
have the same basic ethical commitments. 
And she explores the role of staff-written 
summaries of reviews in allowing IRBs to 
develop critical reviews of the ethics of their 
colleagues’ research. 

This book is not without its difficul- 
ties. The reader is jolted from ethnography 
to the historical material with only modest 
clues concerning how the two sections are 
connected. Only in the conclusion does the 
author effectively tie them together. None- 
theless, Behind Closed Doors makes an 
important contribution to our understand- 
ing of IRBs and the ethical regulation of 
research. 

10.1126/science.1214711 
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Better Research Needed on the 
Impact of Charter Schools 


Julian R. Betts'2t and Richard C. Atkinson* 


( yer schools have been promoted as 
a solution to what many view as the 
public school malaise in the United 

States. Charter schools, although publicly 

funded, can operate fairly independently 

of large district bureaucracies and teacher 
unions, for instance, by setting their own cur- 
riculum and teaching methods and by avoid- 
ing the system that grants the most senior 
teachers first choice of job openings, regard- 
less of their classroom effectiveness. Propo- 
nents hope that the semi-independent gov- 
ernance structure of charters will encourage 
these schools to generate fresh ideas. Presi- 
dent Obama has followed Presidents Bush 
and Clinton in identifying charter schools as 

a key element of school reform. 

Are charter schools boosting achieve- 
ment? Is there variation across charter 
schools in effectiveness? These are key policy 
questions, as failing charter schools should 
be shut down, and successful charter schools 
replicated (/). Unfortunately, most studies of 
charter schools’ impact on student achieve- 
ment use unsophisticated methods that tell us 
little about causal effects. We highlight below 
some key problems, and suggest policies and 
practices that could improve research and, we 
hope, education. 


Lotteries: Promising, But Not Perfect 

A recent meta-analysis discarded roughly 
75% of studies because they failed to account 
for differences between the background and 
academic histories of students attending 
charter schools and those attending tradi- 
tional public schools (2). Most studies sim- 
ply take a snapshot of student performance 
at a single point in time. Such studies cannot 
disentangle school quality from the preexist- 
ing achievement level and trajectory of stu- 
dents who decide to attend a given school. 
The potential for student self-selection into 
charter schools is great, which makes naive 
comparison of student outcomes at charter 
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schools and traditional public schools mis- 
leading. Parents may not apply to a charter 
school because of the distance to the school 
or lack of time to fulfill volunteer work that 
such schools sometimes request. Families 
that apply may be unusually motivated. The 
decision by charter school operators about 
where to locate also influences who attends, 
which makes simple comparisons with tra- 
ditional public schools difficult. More often 
than not, the difference in average test scores 
between charter schools and traditional 
public schools reflects who enrolls at the 
schools more than the quality of education 
being provided (3, 4). 

But rigorous research on charters is begin- 
ning to appear, and much of this takes advan- 
tage of the way in which charter schools admit 
students. State laws dictate that if a charter is 
oversubscribed, then an admissions lottery 
must be held. Because only chance distin- 
guishes who does and does not receive admis- 
sion, the students who lose the lottery repre- 
sent the ideal control group. Lottery-based 
studies of charter schools have been done 
in Boston (Massachusetts); New York City; 
a small national sample of middle schools; 
and a few schools in Chicago (Illinois), San 
Diego (California), and Lynn (Massachu- 
setts). These studies tend to find that charter 
schools either outperform or perform at the 
same level as traditional public schools (5— 
12). These studies, however, cover only about 
90 charter schools, roughly 2% of charter 
schools nationally (73). 

We strongly support the wider use of ran- 
domized controlled trials of the impact of 
charter schools on student outcomes. At the 
same time, we acknowledge that this approach 
has limitations. Foremost among these is that 
most charter schools are not oversubscribed. 
For example, the U.S. Department of Educa- 
tion released a lottery-based study of charter 
middle schools that found that only 130 out 
of 492 such schools nationwide used admis- 
sion lotteries (10). This raises the possibility 
that a study of oversubscribed charters will 
not tell us anything about the effectiveness 
of the majority of charter schools that are 
not sufficiently popular to be oversubscribed. 
The natural targets for research, districts with 
many oversubscribed charter schools, may 
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Randomized trials, although a promising 
approach, reflect impacts of only a limited 
subset of highly sought-after schools. 


have unusually good charter schools. Indeed, 
one study showed that parents in Texas are 
more likely to remove their children from 
underperforming charter schools than from 
charter schools that outperform nearby tra- 
ditional public schools (/4). Lottery-based 
studies of middle- and high-school char- 
ter schools in Boston produced among the 
highest estimates of impacts on reading and 
math achievement in studies of those grade 
spans (5). Another lottery-based study of 
New York City charter schools produced the 
largest estimated impacts among studies of 
elementary and middle schools in combina- 
tion (8). In contrast, a lottery-based national 
study of charter middle schools that did not 
solely seek districts with the greatest demand 
for charter school slots found no significant 
gains from winning a lottery (/0). 

For several reasons, it will be important 
to study the many charter schools that are not 
oversubscribed, using the best research designs 
possible. In addition to obtaining a more rep- 
resentative portrait of charter schools, study- 
ing the qualitative features of a broad set of 
schools will allow both theoretical insight and 
institutional knowledge that can help to sepa- 
rate causation from correlation. 

Essential to studies of undersubscribed 
charters schools is to account for indi- 
vidual students’ past achievement. Even 
with this, it will be difficult to estimate the 
causal effects of attending a charter school 
because of unobserved factors that influ- 
ence who attends charter schools. We have 
three locations in which to compare results 
of lottery-based and careful non—lottery- 
based studies (/5, 16). The two approaches 
produce somewhat similar results, although 
the non—lottery-based studies have some- 
times produced lower estimated effects, 
perhaps because of inadequate controls for 
unobservable characteristics of students 
and their families. 


Better Policy, Better Data, Better Research 

Research on charter schools must evolve in 
several other ways. Because charter schools 
have freedom to experiment, not all of them 
will perform equally well. Thus, research 
should estimate the impact of specific charter 
schools (or, at the very least, types of charter 
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schools). Once we have identified the most 
successful models, in order to replicate them, 
we need better information on what aspects 
of these schools lead to better performance. 
Do pedagogical or curricular approaches, or 
the qualifications of teachers, explain any of 
the differences? Does it matter whether char- 
ters are organized locally or are affiliated with 
charter management (nonprofit) or educa- 
tional management (for-profit) organizations? 
Do aspects of the policy environment, such as 
state law and approaches taken by local autho- 
rizers, matter? It will be increasingly impor- 
tant for the literature to report not just “aver- 
age” effects of charter schools but effects of 
individual schools, while getting inside the 
“black box” to learn more about distinctive 
educational features of each charter school. 

There are other roadblocks to the use of 
admission lottery data for analyzing effects of 
charters. Fortunately, individual states could 
remove most of these barriers by overhauling 
the laws governing charter schools, charter 
school authorizers, and the bureaucracy that 
can limit the availability of student test score 
data to the research community. 

First, in most states, individual school dis- 
tricts are the main agencies that can autho- 
rize the opening of a charter school. In a few 
states, public universities or a state agency 
can directly charter schools as well. State laws 
typically do not require that charter schools 
share lottery information with the authorizing 
entity or the state. This is shortsighted. The 
aforementioned national study found that of 
the 130 charter middle schools that used lot- 
teries, only 77 agreed to participate by shar- 
ing their lottery data (70). Lottery data should 
not be viewed as the property of the charter 
school; rather, it is incumbent upon autho- 
rizers to gather and scrutinize these data, not 
least to verify that the lotteries are being done 
in a fair manner. States should thus require 
each charter school to share its lottery data 
with the authorizing authority and also with 
the state’s department of education, subject to 
standard safeguards to avoid release of indi- 
viduals’ identities. 

Second, for researchers to conduct a suc- 
cessful evaluation of charter schools, either 
an observer needs to be present or detailed 
characteristics of the lottery process need to 
be reported (/7). If some lottery winners turn 
down the admission offer, it is crucial that 
researchers understand how the school admit- 
ted students from its wait list of students who 
were not initially admitted in the lottery. If the 
school admits students from the wait list on a 
nonrandom basis, showing favoritism toward 
certain students, all pretense of randomiza- 
tion is lost. As another example, researchers 


need to know whether students were placed 
into separate lotteries by grade, or were given 
preferences; for instance, if a sibling already 
attended the school. Such information allows 
researchers to preserve an experimental anal- 
ysis by stratifying the data. Charter schools 
should be required to submit not only a list 
of lottery winners and those who did not win 
the lottery, but details on how students were 
admitted from wait lists, whether separate lot- 
teries were held for different groups of stu- 
dents, and what preferences were applied. 

Finally, with a few exceptions, most states 
make it difficult if not impossible to obtain 
student-level test-score data for research 
purposes. States should routinely autho- 
rize researchers from academic institutions 
to obtain longitudinally linked student test- 
score data. This would raise all education 
research, not just on charter schools, to a 
more rigorous level by enabling researchers 
to use rigorous nonexperimental approaches 
in the many cases where schools are not 
oversubscribed. This would also open up 
the possibility of supplementing analyses of 
test-score gains with longer-term outcomes 
such as high school graduation and college 
attendance (/8). These are likely to be better 
predictors of long-term adult success of stu- 
dents than test scores alone. Such studies are 
much needed, because of concerns that states’ 
achievement tests focus on a fairly narrow set 
of skills, e.g., making it difficult to reveal dif- 
ferences between charter schools and other 
schools on measures of learning higher-order 
reasoning and writing ability. 

It may seem like a tall order for so many 
states to enact these reforms independently. 
The federal government could play an impor- 
tant role in encouraging states to follow 
through. Federal initiatives such as the No 
Child Left Behind Act and the Race to the 
Top fund have made federal financial support 
for states’ education systems contingent upon 
states enacting certain reforms. The federal 
government could tie funds to support char- 
ters or other schools to these reforms, and 
thus help identify and replicate the most suc- 
cessful schools, then shut down the schools 
that underperform. 
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SWEET! The Pathway Is Complete 


David M. Braun 


hotosynthesis in plants leads to the 
Possmaton of carbohydrates (e.g., 

sugars, starch), upon which all terres- 
trial life depends. In most plants, sucrose is 
the principal carbohydrate transported long- 
distance in the veins to support the growth 
and development of roots, flowers, fruits, and 
seeds. Sucrose can be directly stored in spe- 
cialized tissues, such as fruits or the stems 
of sugarcane and sweet sorghum, or it can 
be converted into starch in cereal seeds and 
potato tubers. Thus, proper control of carbo- 
hydrate partitioning is fundamental to crop 
yield and human nutrition and to the devel- 
opment of plant-based biofuels. Given the 
importance of this process, it may come as a 
surprise that until now, we did not understand 
the entire pathway for the export of sucrose 
from leaves. On page 207 of this issue, Chen 
et al. (1) identify and characterize the long- 
sought missing player in sucrose transport, 
the sucrose effluxer. 

Carbon assimilation in mature leaves 
results in a surplus of carbohydrates, which 
are exported through the veins to nonpho- 
tosynthetic tissues (2—7). Sucrose is synthe- 
sized in leaf mesophyll cells and diffuses 
cell-to-cell through plasmodesmata (conduits 
spanning the cell wall and connecting adja- 
cent cells) toward the vein (see the figure). 
Within the veins, the phloem is the special- 
ized tissue involved in long-distance sucrose 
transport. The phloem contains three cell 
types: parenchyma cells, companion cells, 
and sieve elements. In the majority of crop 
plants, the companion cells and sieve ele- 
ments are not connected by plasmodesmata 
to the other cells in the leaf; therefore, sucrose 
must be effluxed from the phloem paren- 
chyma cell to the cell wall space (apoplast) 
before being imported into the companion 
cells and/or sieve elements by sucrose trans- 
porters located on their plasma membranes 
(2-7). The portions of the sucrose trans- 
port pathway from the mesophyll cell to the 
phloem parenchyma cell, and from the apo- 
plast into the companion cell and sieve ele- 
ment, have been well characterized. How- 
ever, the mechanism of sucrose efflux into 
the apoplast, the last unresolved step in the 
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Sucrose partitioning in plants. Sucrose is synthesized in leaf mesophyll cells and diffuses through plas- 
modesmata into phloem parenchyma cells. SWEET proteins facilitate sucrose efflux into the cell wall (apo- 
plast). Sucrose transporters import sucrose into companion cells and/or sieve elements. Sucrose is transported 
through sieve elements out of leaves to nonphotosynthetic tissues, such as roots, stem, and fruits. 


sucrose phloem loading pathway, remained a 
mystery (8). The sucrose effluxer was finally 
identified by Chen et al. through an elegant 
approach that combined cell biology, bio- 
chemistry, genomics, and genetics. 

A key that enabled this breakthrough was 
the development of fluorescence resonance 
energy transfer (FRET) optical sensors that 
could be used in cells to report the sugar con- 
centration in the cytoplasm (9, /0). A sugar- 
binding protein domain was placed between 
variants of cyan fluorescent protein and yel- 
low fluorescent protein. When the sensor 
protein binds sugar, it undergoes a conforma- 
tional shift that alters the fluorescence, such 
that a change in the amount of fluorescence 
emitted can be used to monitor changes in 
sugar concentration. By expressing such an 
optical sensor for glucose or sucrose, root 
cells were observed to rapidly transport the 
sugars across cellular membranes in response 
to concentration gradients (//). This led to 
the hypothesis that novel membrane proteins 
mediate sugar transport because the expres- 
sion patterns and biochemical transport prop- 
erties observed were inconsistent with known 
sugar transporters. 

To identify these unknown proteins, 
Chen et al. previously used a human cell line 
to coexpress the glucose sensor and a col- 
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A protein moves sucrose out of leaf cells prior 
to entry into the plant vascular system. 


lection of Arabidopsis proteins containing 
multiple membrane-spanning domains (/2). 
The authors found that a specific SWEET 
protein could take up glucose from the cell 
culture medium. SWEETs are membrane 
proteins that transport glucose molecules 
across a membrane down a concentration 
gradient. Phylogenetic analysis revealed that 
SWEET genes are evolutionarily conserved 
from plants to humans. There are 17 SWEET 
genes in Arabidopsis and 21 in rice. Intrigu- 
ingly, different bacterial or fungal pathogens 
obtain carbohydrates from plants by increas- 
ing the expression of different plant SWEET 
genes (/2). 

Chen ef al. determined that AtSWEET 11 
and 12 (and OSSWEET11 and 14 in rice) 
transport sucrose in Arabidopsis (1). Both 
transporters localize to the plasma membrane 
and are expressed in a subset of leaf phloem 
parenchyma cells, proximal to the compan- 
ion cells and sieve elements. Mutations in 
either the AASWEETI1 or 12 genes produced 
no obvious phenotypes, but double mutants 
(atsweet11;12) showed moderate defects in 
sucrose phloem transport and an excessive 
accumulation of carbohydrates in the leaves. 
A third gene, AASWEET13, showed increased 
expression in the atsweet11;12 double mutant 
background and may partially compensate for 
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their function. Hence, these SWEET genes are 
genetically redundant, which likely explains 
why earlier genetic screens failed to identify 
the efflux step. Collectively, the data dem- 
onstrate that the AASWEETII and 12 genes 
encode the missing link in sucrose phloem 
loading, the sucrose effluxer. 

The identification of SWEET proteins 
as sucrose facilitators raises a number of 
questions. Are the regulation and localiza- 
tion of SWEETs and sucrose transporters 
coordinated to maximize phloem loading 
efficiency and minimize any potential loss 
of sucrose to the apoplast (and thereby to 
pathogens)? Additionally, AASSWEETI/ and 
12 are expressed in most Arabidopsis tis- 


sues; what other roles beyond phloem load- 
ing might they play? One possibility is that 
they may function in sucrose efflux to seeds 
(13). Another is that during long-distance 
transport, SWEETs may facilitate the “leak- 
age” of sucrose from the phloem to nourish 
adjacent stem tissues (/4). If so, manipu- 
lating SWEET expression could enhance 
carbohydrate delivery to developing seeds 
to increase yield, or it could increase the 
sucrose concentration in the storage cells 
of sugarcane or sweet sorghum stems to 
improve biofuel production. 
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Biodiversity and Ecosystem 


Function 


Guy F. Midgley'? 


ow is the biodiversity 
within an ecosystem 
related to the ecosys- 


tem’s function? Quantifying 
and understanding this rela- 
tionship—the biodiversity- 
ecosystem function (BEF) 
(/)—is important because 
socio-economic develop- 
ment is almost always accom- 
panied by the loss of natu- 
ral habitat and species (2). 
Short-term economic gains 
may thus trump longer-term 
benefits for human society, 
creating vulnerabilities that 
could be avoided or corrected 
with enough knowledge about 
the role of biodiversity. Ero- 
sion of biodiversity at local 
and regional scales may also 
reduce resilience at larger spa- 
tial scales as a result of degra- 
dation of ecosystem function (3). On page 
214 of this issue, Maestre et al. (4) report an 
important step toward extending our under- 
standing of BEF to globally important eco- 
systems. 


1Climate Change and Bioadaptation, South African National 
Biodiversity Institute, Rhodes Drive, Cape Town 7735, South 
Africa. *School of Agricultural, Earth, and Environmental 
Sciences, University of Kwazulu-Natal, Pietermaritzburg 
Campus, Pvt Bag X101, Scottsville 3209, South Africa. 
E-mail: g.midgley@sanbi.org.za 


Abiotic drivers ? 


Biodiversity ? 


— 
an 


Consumer species 


PRO 


Decomposer species 


A framework for testing the BEF. Biodiversity and abiotic drivers determine ecosystem 
function individually and in concert (blue boxes). How they do so cannot be fully answered 
without assessing the roles of multiple elements within these categories (indicative elements 
elaborated below blue boxes). The elements included in Maestre et al.'s test of the BEF are 
shown in red; dashed blue lines and arrows denote the relationships tested by the authors. 


Concern about the loss of biodiversity and 
its consequences is motivating the develop- 
ment of an Intergovernmental Platform on 
Biodiversity and Ecosystem Services (5), 
which aims to address the gaps in the science— 
policy interface on biodiversity and ecosys- 
tem services. Yet despite this level of attention, 
understanding of the BEF is far from com- 
plete (5), and is biased toward a small num- 
ber of ecosystems amenable to experimental 
manipulation (6). Far-reaching preliminary 
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A study of drylands across the world highlights 
the importance of species richness for 
ecosystem function. 


conclusions about the criti- 
cal importance of biodiversity 
thus rest on a small and unrep- 
resentative knowledge base. 
Maestre ef al. ask whether 
the plant species richness in 
semi-arid ecosystems (dry- 
lands) enhances their multi- 
functionality (the ability of 
ecosystems to maintain mul- 
tiple functions, such as car- 
bon gain, carbon storage, and 
nutrient cycling). The authors 
employ a natural experiment 
approach, which uses quantifi- 
able variables measured under 
field conditions as explana- 
tory and response variables, 
to assess 14 functions in the 
carbon, nitrogen, and phos- 
phorus cycles in the soil. In 
a massive global effort, they 
collected data on these func- 
tions by analyzing the soils of 224 dryland 
ecosystems sampled from all continents 
except Antarctica. From this they evaluated 
how biodiversity (quantified as the species 
richness of perennial vascular plants grow- 
ing in those soils) relates to ecosystem mul- 
tifunctionality across dryland ecosystems 
globally. This is a useful new angle and a par- 
ticularly stringent test of the BEF hypothesis, 
according to which increasing biodiversity 
enhances ecosystem function. Most previous 


13 JANUARY 2012 VOL335 SCIENCE www.sciencemag.org 


Published by AAAS 


PHOTO CREDIT: MLENNY PHOTOGRAPHY/ISTOCKPHOTO.COM 


Downloaded from www.sciencemag.org on January 12, 2012 


work assessed functions individually and did 
not address dryland systems, which, as Mae- 
stre et al. point out, cover 41% of Earth’s land 
surface and support over 38% of the global 
human population. 

Human society needs ecosystems to pro- 
vide multiple services effectively, especially 
as we increase pressure on ecosystems from 
local impacts such as extractive harvesting to 
global impacts such as climate change (4). In 
drylands, critical ecosystem services include 
the conversion of solar energy, atmospheric 
CO,, and water to plant biomass (net primary 
productivity), carbon storage, and provision 
of nutrient pools. This suite of services is 
vital for arresting desertification trends and 
sequestering carbon. 

Maestre et al.’s test of the BEF hypothesis 
is stringent because they test for a relationship 
between species richness of primary producer 
species (perennial plants) and ecosystem 
functions expressed in soils. Soil functions 
are subject both to abiotic drivers and many 
biotic effects other than those due to perennial 
plants. Confirmation of the BEF hypothesis 
under these constraints would therefore imply 
robust general support for it. They also did not 
shy away from the confounding influence of 
human management impacts, given that their 
field sites around the world represent a wide 
range of intensity of human use, barring major 
soil disturbances such as farming or mining. 

Maestre ef al. report that perennial plant 
species richness is a statistically significant 


explanatory variable for ecosystem multi- 
functionality both on its own and when con- 
sidered together with several abiotic explana- 
tory variables. Indeed, only two abiotic vari- 
ables, mean annual temperature and soil sand 
content, were more important than plant spe- 
cies richness in explaining ecosystem mul- 
tifunctionality (hotter, more sandy sites had 
lower multifunctionality), in a set of variables 
that included mean annual rainfall. 

Maestre ef al. find that the relationship 
between species richness and ecosystem mul- 
tifunctionality rises steeply with fewer than 
five species and then increases incremen- 
tally with the addition of more species. This 
implies that ecosystem multifunctionality as 
defined by Maestre et al. is well established by 
relatively few species in these dryland ecosys- 
tems, in contrast with results from temperate 
grasslands (5). However, the large spread in 
Maestre et al.’s data suggests that, apart from 
uncontrolled effects such as land-use history 
mentioned above, there may be important 
individual species effects (including keystone 
species effects) that are not quantified in this 
natural experimental approach. That is, the 
stringency and generality of their test have the 
unfortunate consequence of obscuring impor- 
tant details that seem better revealed by the 
experimental approaches followed in the tem- 
perate grassland studies (6). 

Given the acknowledged limitations of the 
experimental design used by Maestre et al., 
future work should focus on teasing out how 
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much variation is explained by plant species 
richness when potentially powerful factors 
such as land-use history and intensity of her- 
bivory are controlled for. This will be impor- 
tant in assessing the value of biodiversity in 
real-world settings and may suggest how rap- 
idly ecosystem multifunctionality could be 
enhanced under different land management 
practices aimed at ecosystem restoration. 

All considered, Maestre et al.’s conclusion 
that perennial plant species richness matters 
for ecosystem function in dryland systems 
is robust. This answer has global relevance, 
and is especially valuable for many devel- 
oping and least-developed countries facing 
desertification trends. Neither Maestre et al.’s 
approach nor the experimental approaches 
undertaken in temperate grasslands or ear- 
lier experimental work (7) have yet fully 
addressed the multilayered question of how 
biodiversity across trophic levels, in conjunc- 
tion with abiotic drivers, determines ecosys- 
tem function (see the figure). 


References 

1. J. E. Duffy, Front. Ecol. Environ 7, 437 (2009). 

2. A. Duraiappah et al., Eds., Ecosystems and Human Well- 
Being: Biodiversity Synthesis (Island Press, Washington, 
DC, 2005). 

3. S. Diaz, J. Fargione, F. S. Chapin Ill, D. Tilman, PLoS Biol. 
4, e277 (2006). 

4. F.T. Maestre et al., Science 335, 214 (2012). 

5. C. Perrings, A. Duraiappah, A. Larigauderie, H. Mooney, 
Science 331, 1139 (2011). 

6. F. Isbell et al., Nature 477, 199 (2011). 

7. F.S. Chapin Ill et al., Science 277, 500 (1997). 


10.1126/science.1217245 


ASTRONOMY 


Gamma-Ray Binaries Revealed 


1. F. Mirabel'? 


ecent ground- and space-based tele- 
R= that detect high-energy pho- 

tons from a few up to hundreds of 
gigaelectron volts (GeV) have opened a new 
window on the universe. However, because 
of the relatively poor angular resolution of 
these telescopes, a large fraction of the thou- 
sands of sources of gamma rays observed 
remains unknown. Compact astrophysi- 
cal objects are among those high-energy 
sources, and in the Milky Way there is a 
particular class called gamma-ray binaries. 
These are neutron stars or black holes orbit- 
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ing around massive stars (/). On page 189 of 
this issue, the Fermi Large Area Telescope 
Collaboration (2) use the correlated orbital 
modulation at gamma-ray, x-ray, and radio- 
wave wavelengths to show that the source 
1FGL J1018.6—-5856 is a new gamma- 
ray binary, demonstrating the potential of 
searches for periodic modulation at gamma 
rays and other wavelengths to unveil new 
populations of gamma-ray binaries. 

This area of high-energy astronomy 
presents several challenges: identifying the 
gamma-ray source with a source observed at 
other wavelengths; determining the proper- 
ties of the binary system; and understanding 
the physical mechanisms by which gamma- 
rays are produced. In the Milky Way, only a 
handful of binaries radiating at gamma rays 
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The Fermi Large Area Telescope is unveiling 
a large population of otherwise hidden sources 
of gamma rays. 


have been unambiguously identified (Cyg- 
nus X-3; PSR B1259-63; LSI +61° 303; LS 
5039; HESS J0632+057). However, models 
of the evolution of massive stellar binaries 
suggest a much larger population of gamma- 
ray binaries. 

The Large Area Telescope (LAT) on 
board the Fermi satellite has cataloged more 
than 1400 high-energy sources. Many of 
them are in the Milky Way, but because of 
the uncertain positions in the sky provided 
by the gamma-ray telescope (typically a few 
arc-min), and the complexity of the star- 
formation regions where gamma-ray bina- 
ries are usually located, the association 
of these high-energy sources with objects 
observed at other wavelengths is usually 
uncertain. The observation of correlated 
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work assessed functions individually and did 
not address dryland systems, which, as Mae- 
stre et al. point out, cover 41% of Earth’s land 
surface and support over 38% of the global 
human population. 

Human society needs ecosystems to pro- 
vide multiple services effectively, especially 
as we increase pressure on ecosystems from 
local impacts such as extractive harvesting to 
global impacts such as climate change (4). In 
drylands, critical ecosystem services include 
the conversion of solar energy, atmospheric 
CO,, and water to plant biomass (net primary 
productivity), carbon storage, and provision 
of nutrient pools. This suite of services is 
vital for arresting desertification trends and 
sequestering carbon. 

Maestre et al.’s test of the BEF hypothesis 
is stringent because they test for a relationship 
between species richness of primary producer 
species (perennial plants) and ecosystem 
functions expressed in soils. Soil functions 
are subject both to abiotic drivers and many 
biotic effects other than those due to perennial 
plants. Confirmation of the BEF hypothesis 
under these constraints would therefore imply 
robust general support for it. They also did not 
shy away from the confounding influence of 
human management impacts, given that their 
field sites around the world represent a wide 
range of intensity of human use, barring major 
soil disturbances such as farming or mining. 

Maestre ef al. report that perennial plant 
species richness is a statistically significant 


explanatory variable for ecosystem multi- 
functionality both on its own and when con- 
sidered together with several abiotic explana- 
tory variables. Indeed, only two abiotic vari- 
ables, mean annual temperature and soil sand 
content, were more important than plant spe- 
cies richness in explaining ecosystem mul- 
tifunctionality (hotter, more sandy sites had 
lower multifunctionality), in a set of variables 
that included mean annual rainfall. 

Maestre ef al. find that the relationship 
between species richness and ecosystem mul- 
tifunctionality rises steeply with fewer than 
five species and then increases incremen- 
tally with the addition of more species. This 
implies that ecosystem multifunctionality as 
defined by Maestre et al. is well established by 
relatively few species in these dryland ecosys- 
tems, in contrast with results from temperate 
grasslands (5). However, the large spread in 
Maestre et al.’s data suggests that, apart from 
uncontrolled effects such as land-use history 
mentioned above, there may be important 
individual species effects (including keystone 
species effects) that are not quantified in this 
natural experimental approach. That is, the 
stringency and generality of their test have the 
unfortunate consequence of obscuring impor- 
tant details that seem better revealed by the 
experimental approaches followed in the tem- 
perate grassland studies (6). 

Given the acknowledged limitations of the 
experimental design used by Maestre et al., 
future work should focus on teasing out how 
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much variation is explained by plant species 
richness when potentially powerful factors 
such as land-use history and intensity of her- 
bivory are controlled for. This will be impor- 
tant in assessing the value of biodiversity in 
real-world settings and may suggest how rap- 
idly ecosystem multifunctionality could be 
enhanced under different land management 
practices aimed at ecosystem restoration. 

All considered, Maestre et al.’s conclusion 
that perennial plant species richness matters 
for ecosystem function in dryland systems 
is robust. This answer has global relevance, 
and is especially valuable for many devel- 
oping and least-developed countries facing 
desertification trends. Neither Maestre et al.’s 
approach nor the experimental approaches 
undertaken in temperate grasslands or ear- 
lier experimental work (7) have yet fully 
addressed the multilayered question of how 
biodiversity across trophic levels, in conjunc- 
tion with abiotic drivers, determines ecosys- 
tem function (see the figure). 
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tons from a few up to hundreds of 
gigaelectron volts (GeV) have opened a new 
window on the universe. However, because 
of the relatively poor angular resolution of 
these telescopes, a large fraction of the thou- 
sands of sources of gamma rays observed 
remains unknown. Compact astrophysi- 
cal objects are among those high-energy 
sources, and in the Milky Way there is a 
particular class called gamma-ray binaries. 
These are neutron stars or black holes orbit- 
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ing around massive stars (/). On page 189 of 
this issue, the Fermi Large Area Telescope 
Collaboration (2) use the correlated orbital 
modulation at gamma-ray, x-ray, and radio- 
wave wavelengths to show that the source 
1FGL J1018.6—-5856 is a new gamma- 
ray binary, demonstrating the potential of 
searches for periodic modulation at gamma 
rays and other wavelengths to unveil new 
populations of gamma-ray binaries. 

This area of high-energy astronomy 
presents several challenges: identifying the 
gamma-ray source with a source observed at 
other wavelengths; determining the proper- 
ties of the binary system; and understanding 
the physical mechanisms by which gamma- 
rays are produced. In the Milky Way, only a 
handful of binaries radiating at gamma rays 
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have been unambiguously identified (Cyg- 
nus X-3; PSR B1259-63; LSI +61° 303; LS 
5039; HESS J0632+057). However, models 
of the evolution of massive stellar binaries 
suggest a much larger population of gamma- 
ray binaries. 

The Large Area Telescope (LAT) on 
board the Fermi satellite has cataloged more 
than 1400 high-energy sources. Many of 
them are in the Milky Way, but because of 
the uncertain positions in the sky provided 
by the gamma-ray telescope (typically a few 
arc-min), and the complexity of the star- 
formation regions where gamma-ray bina- 
ries are usually located, the association 
of these high-energy sources with objects 
observed at other wavelengths is usually 
uncertain. The observation of correlated 
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Gamma-ray binaries. Pulsar winds are powered by the rapid rotation of mag- 
netized neutron stars. Gamma rays can be produced either by the interaction of 
the relativistic particles of the pulsar wind with the outflowing protons in the disk 
or envelope of a Be star (A) (e.g., PSR B1259—63 and LSI +61° 303), or by their 
interaction with UV photons from a very massive main-sequence star (C) (e.g., 


time variation of flux at different wave- 
lengths was used to identify Cygnus X-3 as 
a gamma-ray binary (3), a microquasar (4) 
source of collimated relativistic jets, which 
was also observed at gamma rays with the 
Agile satellite (5). 

1FGL J1018.6—5856 is a compact object 
orbiting with a period of 16.6 days around 
a star of more than 20 solar masses. On the 
basis of phenomenological similarities with 
other gamma-ray binaries, it is most likely 
a pulsar that produces strong bipolar winds 
of particles accelerated to highly relativ- 
istic speeds by the rapidly rotating, strong 
magnetic field of the spinning neutron star. 
The dominant physical mechanisms to pro- 
duce the gamma-ray emission and its orbital 
modulation depend on the specific type of 
massive star in the compact binary (see the 
figure). When the star is very massive and 
produces a high-density field of ultraviolet 
(UV) photons, the main mechanism would 
be the up-scattering of UV photons from 
charged particles up to gamma-ray energies 
(6, 7). In this scenario, maximum gamma- 
ray emission takes place when, relative to 
the observer, the compact object is on the 
opposite side of the star and close to the line 
of sight (superior conjunction). This may 
occur in both types of gamma-ray binaries: 
in high-mass microquasars such as Cygnus 
X-3, or in pulsars orbiting around very mas- 
sive stars that produce high-density fields 
of UV photons, as with the stars in LS 5039 
and 1FGL J1018.6—-5856. 

An alternative dominant mechanism to 
produce gamma rays that results in a some- 


Electron/proton-proton interactions 


Microquasar 


Relativistic jets 


Compact object 
of center 


4 


Massive star j ; 
f Accretion disk 


Pp 


y-rays/v 


Ultraviolet emission 
and massive 
clumpy wind 


what different orbital modulation may oper- 
ate when the star in the compact binary is 
of Be type. These stars are characterized 
by a massive outflow with disk and/or flat- 
tened envelope geometry, in fast rotation. 
Here, the gamma rays may be produced by 
the interaction of the pulsar wind particles 
with the ions in the massive outflow. This 
could be the case in the Be compact binaries 
PSR B1259-63 and LSI +61° 303, where 
the phasing of gamma-ray maximum at GeV 
energies is delayed relative to periastron (2). 
Detailed hadronic mechanisms that produce 
gamma rays have also been proposed in a 
diversity of astrophysical contexts (8, 9). 

High-energy neutrino flux could also be 
produced in gamma-ray binaries of the type 
shown in the figure, emerging from the decays 
of secondary charged mesons produced at 
proton-proton and/or proton—gamma pho- 
ton interactions (/0). In microquasars, rel- 
ativistic protons from the jets interact with 
cold protons in clumps of the massive stel- 
lar wind, at large distances from the com- 
pact object (//). In the case of a pulsar-Be 
binary, neutrino bursts could be produced by 
the interaction of relativistic protons from 
the pulsar wind with high-density clumps of 
cold protons in the massive outflowing disk 
or envelope of the Be star. Depending on 
the specific parameters of these gamma-ray 
binaries, it remains an open question whether 
neutrino signals may be detected from this 
type of astrophysical object. 

Emission at higher energy (TeV) has 
been detected by Cherenkov telescopes 
(PSR B1259-63; LSI +61° 303; and LS 
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LS 5039 and 1FGL J1018.6—-5856). (B) Microquasars are powered by compact 
objects (neutron stars or stellar-mass black holes) via mass accretion from a com- 
panion star. When the donor star is a massive star with a high-density UV flux and 
wind, gamma rays can be produced by electron-proton and/or electron-photon 
interactions. v, neutrinos. 


5039), but it is not clear whether 1FGL 
J1018.6-5856 is also a TeV source. Its posi- 
tion is consistent with the TeV source HESS 
J1018—589 (12), but due to possible confu- 
sion with other objects in this complex star- 
forming region, it is unclear whether the 
Fermi source and a component of the HESS 
source are the same object. Resolving this 
question by using time modulation and/or 
more accurate positions of TeV sources will 
require improving the sensitivity and angu- 
lar resolution of ground-based Cherenkov 
telescopes. The large collecting area and 
separation of the telescope elements in the 
future Cherenkov Telescope Array (/3) will 
provide the sensitivity and angular resolu- 
tion to consolidate this emerging research 
area in high-energy astrophysics. 
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A Composite Matter of Alignment 
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it likely did so at the point where the tem- 

ple is screwed to a hinge. The holes in 
the frame create local stress concentrations 
that can initiate cracks that limit the durabil- 
ity of the material. Local reinforcements can 
be a cost-effective solution against fracture 
at sites such as bolt holes, where the perfor- 
mance of the material is challenged by addi- 
tional stresses. This approach can be simple 
to implement in isotropic materials such as 
metals, but simple ways to reinforce such 
materials as fiber-polymer composites have 
been lacking. On page 199 of this issue, Erb 
et al. (1) propose a new method to align fibers 
or platelets in a polymer for the near-surface 
reinforcement of polymeric composites. In 
their approach, these inclusions are decorated 
with magnetic nanoparticles and oriented by 
a magnetic field in the production process 
in which the solution polymerizes to form a 
solid composite. 

There are alternatives to reinforcement of 
materials. Replacing the material by a stron- 
ger one can be expensive. Alternatively, one 
can try to avoid the stress concentrations by 
better frame design, which redistributes the 
stresses in a more equal way (2). Where this 
is not possible because the detailed shape is 
fixed by other constraints, local reinforce- 
ment of the material in the area of the hole 
where stresses concentrate (3, 4) is often the 
best option. 

Nature is constantly dealing with chal- 
lenges of this kind (5). The bones of our 
skeleton, for example, have to be stiff and 
fracture-resistant to support our weight, but 
they are still organs with a dense cell net- 
work that needs to be connected to the vas- 
culature for nutrient supply (see the figure, 
panel A). Bones are pervaded by channels 
of various diameters that would normally be 
stress concentrators, much like the bolt hole 
in the eyeglass frame. Bone is a fiber com- 
posite (5) based on collagen fibrils filled 
with plate-like nanoparticles. In osteons, 
the basic building blocks of bone, these 
particles and fibers are arranged in concen- 
tric layers within the bone material around 
the blood vessel (see the figure, panel B). 
This assembly creates a local reinforcement 
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and effectively protects the channel. This 
intricate arrangement of fibers and min- 
eral platelets likely reduces the tendency 
of osteonal bone to fracture (6, 7). More 
generally, graded properties and local rein- 
forcements have been described as a wide- 
spread strategy to strengthen biological 
composites (8). 

It seems highly desirable to find ways of 
controlling the orientation of fibers and plate- 
like inclusions within engineering compos- 
ites in order to create local reinforcements 
similar to those in bone. However, process- 
ing technologies for the cost-effective man- 
ufacturing of such complex structures have 
remained remarkably elusive. The highly 
aligned material structure that prevents crack 
initiation and propagation in bone is gener- 
ated by a network of living cells, and such a 
process can hardly be mimicked to make an 
engineering material. 

In general, new processing technologies 
to create structures of this kind, and in par- 
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Magnetic fields are used to orient reinforcing 
particles in polymer composites and strengthen 
high-stress regions that can be prone to failure. 


ticular to align small fibers and inclusions, 
are required because the mechanical prop- 
erties of composites are known to depend 
on the orientation of anisotropic inclusions. 
Materials with simple composite geometries 
have been created, such as hard-soft multi- 
layers (9), which to some extent are inspired 
by nacre (/0) or glass sponge (//). Method- 
ologies used to synthesize these multilay- 
ered materials can be based on dip-coating 
(12), layer-by-layer assembly (/3), or ice- 
templating (/4). 

Erb et al. tackled the alignment problem 
by using magnetic fields to orient inclusions 
decorated with magnetic nanoparticles. The 
inclusions were typically in the micrometer 
size range (either aluminum oxide platelets 
or calcium sulfate hemihydrate rods) and 
were coated with minimal concentrations 
of superparamagnetic iron oxide nanopar- 
ticles. Within the precursor solution of the 
polymeric matrix, the orientation of these 
inclusions could be controlled by ultralow 


Tougher surfaces inspired by bones. (A and B) Cross-sectional view of an osteon in equine bone, based on 
data from (15). (A) Osteocyte cells (blue arrow) form a dense network visualized by a fluorescent stain (white) 
around the Haversian canal (labeled H), which houses the blood vessel supplying nutrients to the cells. (B) A 
polarized-light image of the same bone section reveals that cells have deposited the bone matrix, consisting 
of collagen fibrils and plate-like mineral particles, with a concentric fiber arrangement around the Haversian 
canal (the orientation of inclusions is schematically shown by brown rectangles). (C and D) Erb et al. fab- 
ricated unusual three-dimensional reinforcement architectures through orientational and spatial magnetic 
control, shown here schematically. (C) A gradually varying particle alignment generated by a standard refrig- 
erator magnet’s domain structure. (D) A cross section of a spatial gradient in magnetized particles that were 


aligned preferentially around a channel in the material. 
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magnetic fields (in the millitesla range). 
After solidification of the polymer matrix 
by evaporation or by cross-linking, the local 
alignment of the inclusions was preserved, 
leaving reinforced surface regions. 

The authors used this material to create 
laminates based on polymers with a specific 
orientation of inclusions within each of the 
layers. Like a sheet of plywood, lamination 
improves the mechanical properties and, in 
particular, the strength as compared to the 
plain polymer. The most impressive aspect 
is the level of control over the microstruc- 
tures that was achieved during the synthesis 
process of the composite material. In near- 
surface regions, magnetic fields were tuned 
so that the orientation of inclusions ended up 
rotating parallel to the surface (see the fig- 
ure, panel C). Local reinforcements oriented 
around a cylindrical hole, which the authors 


obtained in a similar process, are reminis- 
cent of the concentric onion-like arrange- 
ment of collagen and mineral platelets in 
an osteon (see the figure, panel D). The new 
technology is flexible enough to generate 
all kinds of local reinforcements near sur- 
faces and larger holes that could otherwise 
be starting points for cracks. 

The materials generated by Erb ef al. are 
just demonstration objects, but the research 
clearly shows a previously unexplored direc- 
tion for developing new types of local rein- 
forcements in polymer-based composites. If 
the new synthesis route can be developed for 
large-scale production, such materials could 
become useful in aeronautics, civil construc- 
tion, and a variety of other fields. 
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CHEMISTRY 


An Elusive Intermediate 


Gets Caught 


George Marston 


he Criegee intermediates (CIs) are 

central to understanding the reac- 

tions of ozone with unsaturated com- 
pounds (see the figure) (/). These reactions 
contribute directly to the oxidation of hydro- 
carbons in the lower atmosphere, are impor- 
tant sources of hydroxyl radicals, atmo- 
spheric organic acids, and carbonyl com- 
pounds, and can lead to the generation of 
secondary aerosols. On the local scale, these 
secondary aerosols contribute to the low vis- 
ibility and health problems associated with 
photochemical smog, while on the global 
scale, their formation has crucial implica- 
tions for climate change (2). Yet despite 
their central importance in these processes, 
little is known about the reactivity of CIs. 
On page 204 of this issue, Welz et al. report 
direct kinetic measurements of several reac- 
tions involving the simplest CI (3). 

A clear understanding of the impacts 
of ozonolysis on atmospheric chemistry 
requires a detailed knowledge of the mech- 
anisms of the reactions. It has been gener- 
ally accepted for more than half a century 
(4) that ozone reacts with alkenes to gen- 
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Direct kinetic measurements elucidate the 
reactivity of an unstable atmospheric species 
that is central to atmospheric chemistry. 
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ozonolysis (left), play a central role in the formation of numerous atmospheric compounds (right). The spe- 
cies have been difficult to isolate, limiting the insights that could be gained into their reactions. Welz et al. 
have now succeeded in isolating the simplest Cl and report direct kinetic measurements of its reactions with 


water, NO, NO,, and SO,. 


erate CIs, species that can be described as 
carbonyl oxides with some biradical and 
zwitterionic character (see the figure) (5). 
There is plenty of qualitative evidence for 
this mechanism. A wealth of information 
about the products of ozonolysis comes 
from organic syntheses in the condensed 
phase; products from the reactions of CIs 
with CI scavengers such as water, organic 
acids, and carbonyl compounds are also 
consistent with the mechanism (6). The real 


problem in coming to grips with the details 
of the reactions and the behavior of the Cls 
is that these species have proved to be very 
difficult to detect. No direct measurements 
of its kinetics have been reported in the lit- 
erature. The kinetics of the reactions of vari- 
ous Cls have been measured indirectly, but 
estimates of rate constants vary by orders of 
magnitude (6). 

The importance of establishing rate 
parameters for the CI species can be illus- 
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trated by considering the mechanism of 
hydroxyl radical formation in ozonolysis 
reactions. Hydroxyl radicals, which play a 
pivotal role in the chemistry of the lower 
atmosphere, are believed to form from the 
decomposition of CIs in the gas phase, with 
the yield varying according to structure [the 
simplest CI, H,COO, has a yield of ~0.14, 
whereas (CH;),COO has a yield closer to 1.0] 
(6). It was assumed for many years that OH 
was formed from the decomposition of vibra- 
tionally excited CIs (known as prompt for- 
mation). However, direct, time-resolved mea- 
surements of OH radicals in the ozonolysis 
of a range of alkenes indicated that although 
the prompt mechanism is active at low pres- 
sures, decomposition of Cls stabilized by 
molecular collisions also generates OH radi- 
cals (7). Thus, to be confident that OH yields 
measured in the laboratory can be applied to 
atmospheric models, it is necessary to know 
rate parameters for the reactions of CIs with 
molecular partners in the atmosphere. 

Some of this information is now avail- 
able thanks to the study by Welz et al. The 
authors first photolyzed diodomethane to 
generate CH,I, which they then reacted with 
O, to generate H,COO. Using tunable radi- 
ation from a synchrotron source, they were 
able to record a photoionization mass spec- 
trum of the CI, which they identified from 
previous experimental and theoretical work 
by their team (8). By examining the time 
dependence of the signal arising from the 
CI in the presence of varying concentrations 
of reactant partners, they were able to deter- 
mine rate constants (or their upper limits) 
for the reactions of the CI with water, NO, 
NO,, and SO,. 

For the reaction with water, the upper 
limit determined by Welz et al. seems 
broadly consistent with previous estimates 
(6). However, for the other species, the 
observed rate constants are very different 
from those proposed elsewhere (6). On the 
face of it, reaction between the CI and NO 
to give formaldehyde and NO, might be 
expected to be rapid given the thermody- 
namic drivers, but Welz et al. observed no 
reaction. In contrast, they found the reaction 
between the CI and NO, to be rather fast, 
with a rate constant almost as fast as that of 
a barrierless radical-radical reaction, despite 
one of the likely products being the nitrate 
radical. From an atmospheric chemistry per- 
spective, this process may be a rather sur- 
prising but substantial source of nitrate radi- 
cals, which are important initiators of oxi- 
dation at night. 

Although these results are unexpected, it 
is important to bear in mind that there have 
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been no previous measurements of the kinet- 
ics of this species. Because it is unusual in 
its structure, it is hard to make comparisons 
with the reactivity of other species. 

Perhaps the most interesting observation 
is that the reaction of the CI with SO, is very 
fast indeed. The likely products are formal- 
dehyde and SO, (the anhydride of sulfuric 
acid, an important nucleating agent), and 
the reaction thus has potential implications 
for the generation of acid rain and inorganic 
aerosol in the atmosphere. There is also an 
interesting mechanistic point to consider: 
A previous study (9) showed that for alkyl- 
substituted CIs, OH yields were unaffected 
by the presence of SO,; the estimated upper 
limit for the rate constant (9) was four orders 
of magnitude smaller than that proposed by 
Welz et al. It is hard to believe that substitu- 
tion of hydrogen with a methyl group could 
have this sort of impact on the rate constant. 
The present results point strongly to a gap in 
our understanding of the mechanism for OH 
formation in alkene ozonolysis. 

The results reported by Welz et al. are 
important to physical chemists because they 
are the first direct kinetic measurements of 
a very unusual chemical species. They are 
important to atmospheric chemists because 
they provide rates of some very important 
atmospheric processes. However, it remains 
unclear why the reactivity of the CI varies 
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from reactant to reactant as it does, and the 
results are difficult to reconcile with the 
current understanding of OH formation in 
ozonolysis. Extension of the technique to 
examine the kinetics of H,COO with other 
molecules would help to elucidate its physi- 
cal chemistry and the role it plays in atmo- 
spheric chemistry. Given that the more 
complex CIs are central to hydroxyl radical 
and aerosol formation, extending the exper- 
iments to study the kinetics of substituted 
CIs is also of key importance for atmo- 
spheric chemists. 
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CELL BIOLOGY 


Sheddase Gets Guidance 


Stefan F. Lichtenthaler 


The release of a cytokine from immune cells requires a protein to guide a protease to the cell surface. 


roteases that cleave at the surface of 
P cells release the ectodomain of mem- 

brane proteins and control the com- 
munication between cells. One example 
is the cytokine tumor necrosis factor—a 
(TNFa), which is essential for innate 
immunity. It is cleaved by the metallopro- 
tease TNFo-converting enzyme (TACE or 
ADAM17) (/, 2). Too much TNFa shed- 
ding, however, contributes to inflamma- 
tory diseases, which makes TACE an obvi- 
ous drug target for conditions such as rheu- 
matoid arthritis and sepsis. The generation 
of specific small-molecule TACE inhibi- 
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tors has remained challenging, which has 
led to the search for alternative approaches 
to control its activity. Adrain ef al. (3) and 
MclIlwain et al. (4) report on pages 225 and 
229 of this issue, respectively, that a pro- 
tein called iRhom2 is essential for TACE 
to release TNFa from the cell surface. 
Mice lacking the iRhom2 gene secrete less 
TNFa and succumb to bacterial infection. 
The findings provide exciting links between 
intracellular protein trafficking, cell surface 
proteolysis, and inflammation. 

Different proteases act on membrane 
proteins, including rhomboid proteases 
and “a disintegrin and metalloprotease” 
(ADAM family) (5—7). These “sheddases” 
are themselves integral membrane proteins 
that cleave at or close to the transmembrane 
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Nucleus 


Directing cargo. iRhom2 binds immature TACE in the endoplasmic reticulum (ER) and mediates its exit to the Golgi. On 
the way to the plasma membrane (PM), TACE is glycosylated and its propeptide is removed. The latter activates TACE, leads 
to TNFa shedding from the cell surface, and weakens or terminates interaction with iRhom2. iRhom2 also promotes the 


ER-associated degradation of EGF receptor ligands. 


domain of their substrates. Rhomboids also 
cleave within the membrane. Shedding is 
essential in various physiological processes, 
such as cell differentiation, cell adhesion, 
cytokine signaling, and axon outgrowth. 
Dysregulation of shedding is linked to 
pathophysiological conditions such as can- 
cer, inflammatory diseases, and Alzheimer’s 
disease, but the regulation of shedding and 
its connection to pathogenesis remain little 
understood (8). 

The shedding process depends on the 
correct spatial and temporal localization of 
the sheddases and their substrates. Indeed, 
regulated transport of either substrate or 
protease is a mechanism to control shed- 
ding. This has been demonstrated for the 
proteolysis of the sterol regulatory element— 
binding protein, which controls cellular cho- 
lesterol homeostasis in mammals, and for 
the cleavage of Spitz [an epidermal growth 
factor (EGF)-like ligand expressed in Dro- 
sophila melanogaster] by a rhomboid prote- 
ase to regulate EGF signaling. In both cases, 
different transmembrane proteins control 
access of the substrate to the Golgi-resident 
sheddase (9, /0). 

Adrain et al. and Mcllwain et al. dem- 
onstrate that the trafficking and, as a conse- 
quence, the activity of a sheddase, can also 
be regulated. Both studies suggest that the 
polytopic membrane protein iRhom2 acts 
as a cargo receptor that binds TACE in the 
endoplasmic reticulum (ER) and promotes 
its journey through the Golgi, where TACE 
undergoes propeptide removal and complex 
glycosylation (//) (see the figure). Propep- 


TACE 


TACE maturation 
(glycosylation, cleavage) 


ER-associated 
degradation 


tide removal is required for full TACE acti- 
vation and appears to coincide with weak- 
ened interaction between iRhom2 and 
TACE, allowing TACE to reach its substrates 
at the cell surface. This model is supported 
by several findings. iRhom2, which is a pro- 
teolytically inactive homolog of rhomboid 
proteases and localizes to the ER and Golgi, 
predominantly bound to immature TACE 
and less well to mature TACE (although it 
is unclear whether the interaction is direct 
or involves additional proteins). iRhom2 
overexpression in cell lines promoted TACE 
maturation and activity. In iRhom2-deficient 
cells, TACE remained immature and inactive 
and did not reach the cell surface. However, 
immature TACE regained its normal activity 
when purified and its prodomain proteolyti- 
cally removed in vitro. iRhom2 appears to 
specifically affect TACE, as it did not affect 
activity or maturation of the close homolog 
ADAM 10. Whether iRhom2 has other cargo 
proteins is not yet known. 

Both groups also generated iRhom2- 
deficient mice, which were viable, fertile, 
and had no obvious morphological defects. 
Because iRhom2? is specifically expressed 
in hematopoietic cells, phenotypic changes 
appeared restricted to this tissue. Macro- 
phages deficient in iRhom2 did not shed 
TNFa or other TACE substrates in response 
to exposure to lipopolysaccharide (LPS), 
whereas the secretion of other cytokines, 
which are not cleaved by TACE, occurred 
normally. The reduced TNFa secretion was 
also observed in vivo and allowed iRhom2- 
deficient mice to survive an otherwise lethal 


. 
Cleavage 


LPS dose, which is a model for 
septic shock. However, reduced 
TNFa secretion did not allow 
mice to efficiently fight a Lis- 
teria infection, which led to 
enhanced mortality. Protection 
from septic shock is also seen 
in mice with a myeloid cell— 
specific knockout of TACE (/2), 
which suggests that iRhom2 
specifically acts on TACE. 

iRhom2 also functions in 
ER-associated degradation of 
growth factors of the EGF fam- 
ily (13), so it is unclear how it 
also acts as a traffic modulator 
for the single-span membrane 
protein TACE. Derlins, which 
comprise another class of pro- 
teolytically inactive polytopic 
membrane proteins, are dis- 
tantly related to rhomboid pro- 
teases and are also involved in 
ER-associated degradation (/4). 
Whether they also have a second function 
in protein or protease trafficking remains 
unknown. 

As a drug target for TACE-related inflam- 
matory diseases, iRhom2 may be a good 
candidate given its restricted expression pat- 
tern and the specific phenotype of iRhom2 
knockout mice. However, because iRhom2 is 
not an enzyme, it may not be an easy drug 
target for small molecules. In addition, it 
will be important to adjust TACE activity to 
the optimal level, because neither too much 
nor too little TNFa shedding is desirable. 
Despite these challenges, the identification 
of iRhom2 as an essential regulator of TACE 
activity is a major step toward therapeuti- 
cally targeting TACE. 
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RETROSPECTIVE 


Paul Mead Doty (1920-2011) 


Matthew Meselson 


physical chemistry to the study of syn- 

thetic polymers, proteins, and nucleic 
acids and in the efforts of senior U.S. scien- 
tists to bring arms control thinking to govern- 
ments on both sides of the Cold War, men- 
tor and constant friend to many in both fields, 
died on 5 December at age 91 at his home in 
Cambridge, Massachusetts. 

Born | June 1920 in Charleston, West 
Virginia, the only child in a family of mod- 
est means, Doty grew up in the small town 
of Chicora, Pennsylvania. He majored in 
chemistry at Pennsylvania State University 
and received his doctorate in chemistry in 
1944 at Columbia University. There, he and 
his fellow graduate student Bruno Zimm 
began to adapt Peter Debye’s theory of light 
scattering to the study of large molecules 
in solution, a field that occupied much of 
Doty’s early research. During 1943 to 1946, 
he was instructor and then assistant profes- 
sor and codirector of wartime Army Quarter- 
master projects at Brooklyn Polytech in the 
Institute of Polymer Research, the foremost 
center of polymer science at the time. As a 
Rockefeller Fellow at Cambridge University 
in 1947, he was influenced by Max Perutz to 
turn his research to the study of macromole- 
cules of biological importance. After a year as 
assistant professor at the University of Notre 
Dame, Doty was appointed assistant profes- 
sor at Harvard, becoming full professor in 
1956. One of the major interests in the labora- 
tory was the physical chemistry and then the 
gene structure of collagen, resulting in a long 
series of publications coauthored by Paul and 
his wife, Helga Boedtker Doty, and, later, by 
her alone. 

Doty’s seminal contribution to science 
was the discovery that the separated chains 
of the DNA double helix can be specifically 
reunited. It was known that the two chains of 
the double helix could be separated by heat- 
ing. But Doty’s laboratory showed that the 
separated chains could be rejoined by incu- 
bation in solution a few degrees below the 
melting point, a result that came as a sur- 
prise to many. Concern that the initial obser- 
vations might be due to internal folding or 
aggregation were decisively put to rest in a 
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series of papers by Doty, his postdoctoral 
associate Julius Marmur, and others in the 
Doty laboratory in 1960 and 1961. The dis- 
covery opened the way to the development 
of many of the most powerful and widely 
employed methods of biological investiga- 
tion and genetic engineering in current use, 
including primer-initiated DNA sequencing, 
polymerase chain reaction, and chip-based 
analysis of transcription. 

At Harvard, in part because he had become 
a trusted adviser to Dean McGeorge Bundy, 
Doty became highly effective in building 
molecular biology as a field distinct from tra- 
ditional biology and chemistry, first in recruit- 
ing James Watson as assistant professor and 
later in creating a separate department, Bio- 
chemistry and Molecular Biology (BMB). 
Nearly all of the 16 eventual members of the 
new department were or became members of 
the U.S. National Academy of Sciences, and 
three received Nobel prizes. BMB existed 
for 27 years, from 1967 to 1994, until merg- 
ing with Harvard’s more traditional biology 
department. By the time Doty became emeri- 
tus professor in the Faculty of Arts and Sci- 
ences in 1988, he had supervised the work of 
some 150 undergraduate, graduate, and post- 
doctoral researchers, many going on to make 
important contributions to chemistry and 
molecular biology. 

Doty’s other professional life, equally cre- 
ative, was at the intersection of science and 
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A chemist, whose DNA work underlies powerful 
biochemical and genetic tools, sought to 
control nuclear arms and foster science 
communication to policy-makers. 


public affairs. As chairman of the Federation 
of American Scientists, he was invited to the 
initial meeting of the Pugwash Conferences 
on Science and World Affairs in 1957. There 
he began a dialogue with senior Soviet sci- 
entists that continued throughout his life. His 
diary for a 1960 trip to Russia records his 
impression that “Surely the accessibility of at 
least a part of the Russian scientific commu- 
nity to normal contact with Western scientists 
and the relatively large extent to which their 
thinking is not subject to ideological criteria 
should be recognized as a bridgehead through 
which understanding may be expanded.” 
There followed some 40 more trips to 
Russia and many meetings in the West with 
Russian scientists sufficiently respected by 
Soviet leaders to gain a serious hearing. 

Doty was an initial member of President 
Kennedy’s Science Advisory Committee, 
the Committee on International Security and 
Arms Control of the National Academy, and 
the Aspen summer workshop on arms con- 
trol, which he founded. In 1974, with sup- 
port from the Ford Foundation, Doty founded 
Harvard’s Center for Science and Interna- 
tional Affairs, later renamed the Belfer Cen- 
ter, and its journal, /nternational Security. 
A leading center for scholarship and train- 
ing in diverse aspects of science and interna- 
tional affairs, many of its alumnae went on 
to occupy top academic posts and/or high 
government positions in defense and foreign 
policy in the United States and abroad. Doty’s 
style as director there was the same as in the 
laboratory—questioning, encouraging, and 
oblivious to seniority. In both, he consistently 
cut to the heart of a problem, caring more 
about finding answers than about promoting 
his own prestige or power. 

The premise of Doty’s approach to inter- 
national security matters was that nuclear 
weapons are not for war-fighting or preemp- 
tion but solely for deterring nuclear attack, the 
only role that might avoid their use entirely. 
Especially in the early years of the Cold 
War, this was by no means the settled view 
among senior officials on either side. Doty’s 
influence on many who went on to occupy 
key positions in government and his leading 
role in the effort of U.S. and Soviet scientists 
to promote arms control must surely have 
helped to avoid catastrophe. 

10.1126/science.1218031 
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Bubblegrams Reveal the Inner 
Body of Bacteriophage oKZ 


Weimin Wu," Julie A. Thomas,” Naiqian Cheng, Lindsay W. Black,” Alasdair C. Steven** 


K Zis a large and complex virus that infects 

the Gram-negative bactertum Pseudomonas 
aeruginosa and has long-term potential for 

phage therapy against this pathogen. The virion 
has a long contractile tail and a large icosahedral 
capsid containing densely packed DNA (280 kb) 
(1). Observations of disrupted virions (2) have 
shown that it also contains a cylindrical structure 
called the inner body. However, the inner body is 
invisible in conventional cryogenic electron micro- 
graphs of intact virions because it cannot be dis- 
tinguished from the surrounding DNA (Fig. 1A). 
It has been found, serendipitously, that the 
inner body is exceptionally sensitive to radiation 
damage and explodes into bubbles of gaseous 
radiation products at electron doses that leave 
most protein complexes, including the surround- 
ing capsid, only slightly blurred (Fig. 1B). We 


were able to determine its structure by using these 
“bubblegrams” to locate the inner body in individ- 
ual nucleocapsids; then, knowing these locations 
and orientations, we calculated a three-dimensional 
reconstruction of the inner body from previously 
recorded, low-dose micrographs depicting the 
same Virions in a relatively undamaged state. 
The inner body is ~24 nm wide and ~105 nm 
long and tilted at ~22° relative to the portal axis 
(Fig. 1, C and D). It consists of multiple stacked 
tiers (Fig. 1E), and some regions have evident 
sixfold symmetry, as confirmed by their angular 
power spectra [supporting online material (SOM)]. 
The two ends, which are structurally distinct, are 
anchored on opposing hexons on either side of 
the capsid. The inner body has several major 
proteins and a number of minor proteins (3). The 
volume of the inner body as calculated here sug- 


Distal End 


—— 


Portal Proximal End oom 


Fig. 1. Cryoelectron micrographs of purified KZ virions: (A) initial low-dose exposure; (B) subsequent 
exposure of the same field, with bubbling in radiation-damaged virions. (C) Three-dimensional 
reconstruction of the ®KZ capsid viewed along the axis of fivefold symmetry that passes through the 
portal. The capsid has T = 27 icosahedral symmetry (4). The centers of all hexons on one icosahedral facet 
are marked with red dots. Hexons in the ring of five, on one of which the inner body (in magenta) is 
anchored, are colored green. The symmetry-related hexons on the other side of the capsid are in pale 
green in the bottom image. Each of these hexons lies on a facet edge, connecting two vertices. The central 
axis of the inner body passes through the center of the capsid. (D) Central section of the KZ head 
sampled in the plane in which the inner body axis lies. This view illustrates the tilt of the inner body 
relative to the portal axis and the offsetting of its point of contact with the capsid from the portal 
vertex. (E) Multitiered structure of the inner body shown in surface rendering (left, magenta) and 
central gray-scale section (right). The structures in (C) and (E) were sixfold rotationally averaged 
(justified by the angular power spectra analysis in fig. $3); the structure in (D) was not. 


gests a total mass of about 15 MD. The shape and 
position of the inner body suggest that it plays a 
role of organizer in the DNA packaging process. 
Consistent with this assignment, its tilt relative to 
the portal axis matches that of the 0KZ DNA 
spool (4). The inner body is dismantled when the 
DNA is ejected from the capsid during infection 
(2). Inner body proteins are also likely injected 
into the host cell, based on the precedent of phage 
T7 (5), which also has a multitiered internal pro- 
tein structure (6). 

Bubbling is the end point to damage induced 
by electron irradiation of ice-embedded proteins 
(7). Although a detailed understanding of the ra- 
diation chemistry is lacking, this phenomenon 
appears to represent the formation of gaseous 
hydrogen-containing bubbles at high pressure (8). 
Why do inner body proteins bubble at relatively 
low electron doses (~50 electrons per A? in a 0.5-s 
exposure)? Because there is no evidence to sug- 
gest that inner body proteins are chemically dis- 
tinct from other proteins, we posit that they have a 
propensity to bubble because they are embedded 
in DNA. This impedes the diffusion of radiation 
products from their site of origin and promotes 
their build-up to concentrations at which bubbles 
nucleate. Support for this interpretation comes 
from the absence of bubbling in DNA-free parti- 
cles containing the same inner body proteins. We 
suggest that bubblegram imaging may be produc- 
tively applied to map proteins in other DNA-rich 
contexts such as cryosections of the cell nucleus. 
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Tropospheric ozone and black carbon (BC) contribute to both degraded air quality and global 
warming. We considered ~400 emission control measures to reduce these pollutants by using 
current technology and experience. We identified 14 measures targeting methane and BC 
emissions that reduce projected global mean warming ~0.5°C by 2050. This strategy avoids 0.7 
to 4.7 million annual premature deaths from outdoor air pollution and increases annual crop 
yields by 30 to 135 million metric tons due to ozone reductions in 2030 and beyond. Benefits 
of methane emissions reductions are valued at $700 to $5000 per metric ton, which is well 
above typical marginal abatement costs (less than $250). The selected controls target different 
sources and influence climate on shorter time scales than those of carbon dioxide—reduction 
measures. Implementing both substantially reduces the risks of crossing the 2°C threshold. 


are the only two agents known to cause 

both warming and degraded air quality. Al- 
though all emissions of BC or ozone precursors 
[including methane (CH,)] degrade air quality, and 
studies document the climate effects of total an- 
thropogenic BC and tropospheric ozone (/—4), 
published literature is inadequate to address many 
policy-relevant climate questions regarding these 
pollutants because emissions of ozone precursors 
have multiple cooling and warming effects, where- 
as BC is emitted along with other particles that 
cause cooling, making the net effects of real-world 
emissions changes obscure. Such information is 
needed, however, because multiple stakeholders 
are interested in mitigating climate change via 
control of non—carbon dioxide (CO )}forcing 
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agents such as BC, including the G8 nations 
(L’Aquila Summit, 2009) and the Arctic Council 
(Nuuk Declaration, 2011). Here, we show that 
implementing specific practical emissions reduc- 
tions chosen to maximize climate benefits would 
have important “win-win” benefits for near-term 
climate, human health, agriculture, and the cryo- 
sphere, with magnitudes that vary strongly across 
regions. We also quantify the monetized benefits 
due to health, agriculture, and global mean climate 
change per metric ton of CH, and for the BC 
measures as a whole and compare these with im- 
plementation costs. 

Our analysis proceeded in steps. Initially, 
~400 existing pollution control measures were 
screened with the International Institute for Ap- 
plied Systems Analysis Greenhouse Gas and 
Air Pollution Interactions and Synergies (IIASA 
GAINS) model (5, 6). The model estimated po- 
tential worldwide emissions reductions of par- 
ticulate and gaseous species on the basis of 
available real-world data on reduction efficien- 
cies of these measures where they have been 
applied already and examined the impact of full 
implementation everywhere by 2030. Their po- 
tential climate impact was assessed by using pub- 
lished global warming potential (GWP) values 
for each pollutant affected. All emissions con- 
trol measures are assumed to improve air quality. 
We then selected measures that both mitigate 
warming and improve air quality, ranked by cli- 
mate impact. If enhanced air quality had been 
paramount, the selected measures would be quite 
different [for example, measures primarily reduc- 
ing sulfur dioxide (SO) emissions improve air 
quality but may increase warming]. The screen- 


ing revealed that the top 14 measures realized 
nearly 90% of the maximum reduction in net 
GWP (table S1 and fig. S2). Seven measures 
target CH, emissions, covering coal mining, oil 
and gas production, long-distance gas transmis- 
sion, municipal waste and landfills, wastewater, 
livestock manure, and rice paddies. The others 
target emissions from incomplete combustion and 
include technical measures (set ““Tech’’), covering 
diesel vehicles, clean-burning biomass stoves, 
brick kilns, and coke ovens, as well as primarily 
regulatory measures (set “Reg’’), including ban- 
ning agricultural waste burning, eliminating high- 
emitting vehicles, and providing modern cooking 
and heating. We refer to these seven as “BC mea- 
sures,” although in practice, we consider all co- 
emitted species (7). 

We then developed future emissions scenar- 
ios to investigate the effects of the emissions con- 
trol measures in comparison with both a reference 
and a potential low-carbon future: (i) a reference 
scenario based on energy and fuel projections 
of the International Energy Agency (IEA) (8) 
regional and global livestock projections (9) and 
incorporating all presently agreed policies affect- 
ing emissions (/0); (i) a CH4 measures scenario 
that follows the reference but also adds the CH, 
measures; (ii1) CH,+BC measures scenarios that 
follow the reference but add the CH, and one or 
both sets of BC measures; (iv) a CO measures 
scenario under which CO, emissions follow the 
IEA’s “450 CO,-equivalent” scenario (8) as im- 
plemented in the GAINS model (affecting CO, 
and co-emissions of SO, but not other long- 
lived gases); and (v) a combined CO, plus CH, 
and BC measures scenario. Measures are phased 
in linearly from 2010 through 2030, after which 
only trends in CO, emissions are included, with 
other emissions kept constant. 

Emissions from these scenarios were then used 
with the ECHAM5-HAMMOZ (//) and GISS- 
PUCCINI (/2) three-dimensional composition- 
climate models to calculate the impacts on 
atmospheric concentrations and radiative forc- 
ing (7). Changes in surface PM; 5 (particles of less 
than 2.5 micrometers) and tropospheric ozone 
were used with published concentration-response 
relationships (/3—/5) to calculate health and agri- 
cultural impacts. CH, forcing was calculated from 
the modeled CH, concentrations. Direct ozone 
and aerosol radiative forcings were produced by 
using the fraction of total anthropogenic direct 
radiative forcing removed by the emission con- 
trol measures, as calculated in the two models, 
multiplied by the best estimate and uncertainty 
range for direct forcing, which was determined 
from a literature assessment. Albedo forcing was 
similarly estimated on the basis of the fractional 
decrease of BC deposition to snow and ice sur- 
faces. Indirect and semidirect forcings were es- 
timated by simply assuming that these had the 
same fractional changes as the direct forcings 
(/6). Initially, analytic equations representing rap- 
id and slow components of the climate system 
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(17) were used to estimate global and regional 
(/8) mean temperature response to the forcings. 

This analytic analysis shows that the measures 
substantially reduce the global mean temperature 
increase over the next few decades by reducing 
tropospheric ozone, CH4, and BC (Fig. 1). The 
short atmospheric lifetime of these species allows 
a rapid climate response to emissions reductions. 
In contrast, CO has a very long atmospheric life- 
time (hence, growing CO, emissions will affect 
climate for centuries), so that the CO, emissions 
reductions analyzed here hardly affect tempera- 
tures before 2040. The combination of CH, and 
BC measures along with substantial CO, emis- 
sions reductions [a 450 parts per million (ppm) 
scenario] has a high probability of limiting glob- 
al mean warming to <2°C during the next 60 
years, something that neither set of emissions 
reductions achieves on its own [which is consist- 
ent with (/9)]. 

Work to this stage was largely in support 
of the Integrated Assessment of Black Carbon 
and Tropospheric Ozone (20). Here, we present 
detailed climate modeling and extend impact 
analyses to the national level, where regulations 
are generally applied and which provides de- 
tailed spatial information that facilitates re- 
gional impact analyses. We also provide cost/ 
benefit analyses. 

Climate modeling. We performed climate sim- 
ulations driven by the 2030 CH, plus BC mea- 
sures, by greenhouse gas changes only, and by 
reference emissions using the GISS-E2-S mod- 
el; the same GISS atmosphere and composition 
models were coupled to a mixed-layer ocean (al- 
lowing ocean temperatures, but not circulation, 
to adjust to forcing). Direct, semidirect (aerosol 
effects on clouds via atmospheric heating), indi- 
rect (aerosol effects on clouds via microphysics), 
and snow/ice albedo (by BC deposition) forc- 
ings were calculated internally (7). We analyzed 
the equilibrium response 30 to 50 years after im- 
position of the measures, which is comparable 
with the latter decades in the analytic analysis. 

The global mean response to the CH, plus BC 
measures was —0.54 + 0.05°C in the climate 
model. The analytic equations yielded —0.52°C 
(—0.21 to —0.80°C) for 2070, which is consistent 
with these results. Climate model uncertainty only 
includes internal variations, whereas the analytic 
estimate includes uncertainties in forcing and cli- 
mate sensitivity (but has no internal variability). 

We also examined individual forcing com- 
ponents. Direct global mean aerosol forcings in 
the ECHAM and GISS models are almost iden- 
tical (Table 1), despite large uncertainties gener- 
ally present in aerosol forcing and the two aerosol 
models being fundamentally different [for ex- 
ample, internal versus external mixtures (7)]. CHy 
and ozone responses to CH4 emissions changes 
are also quite similar. Ozone responses to changes 
in CO, volatile organic compounds, and NO, as- 
sociated with the BC measures are quite different, 
however. This is consistent with the nonlinear 
response of ozone to these precursors (2/). 


The combined indirect and semidirect radia- 
tive forcing by all aerosols in the GISS model is 
negative for the BC Tech and Reg measures. 
Although sulfate increases slightly—largely be- 
cause of increases in the oxidant H»O.—in all 
emissions control scenarios, the BC measures pri- 
marily decrease BC and organic carbon (OC). 
The negative forcing suggests that a decreased 


positive semidirect effect may outweigh de- 
creased negative indirect effects of BC and OC 
in this model [studies differ on the magnitude 
of these effects (22—24)]. Indirect effects are 
much larger than net direct effects for the Tech 
measures. 

Global mean BC albedo forcing in the mod- 
el is very small (Table 1), but we assume its 


CH, + BC ‘Tech’ measure 
CH, + all BC measures, 


1.5°C limit 


CO, + CH, + 
all BC measures 


Temperature (°C) relative to 1890-1910 


1980 2000 2020 2040 2060 


Fig. 1. Observed temperatures (42) through 2009 and projected temperatures thereafter under various 
scenarios, all relative to the 1890-1910 mean. Results for future scenarios are the central values from 
analytic equations estimating the response to forcings calculated from composition-climate modeling 
and literature assessments (7). The rightmost bars give 2070 ranges, including uncertainty in radiative 
forcing and climate sensitivity. A portion of the uncertainty is systematic, so that overlapping ranges do 
not mean there is no significant difference (for example, if climate sensitivity is large, it is large 
regardless of the scenario, so all temperatures would be toward the high end of their ranges; see www. 
giss.nasa.gov/staff/dshindell/Sci2012). 


Table 1. ECHAM and GISS forcing (W/m’) at 2030 due to the measures relative to the reference. 
Dashes indicate forcing not calculated. 


CH, measures eHatee All measures 
Tech measures 
ECHAM ozone —0.09 —0.10 —0.10 
GISS ozone —0.10 —0.17 —0.19 
ECHAM direct aerosols* —0.01 —0.06 —0.15 
GISS direct aerosols* —0.01 —0.06 -0.17 
(BC, OC, sulfate, nitrate) (0.00, 0.00, (-0.10, 0.06, (-0.22, 0.07, 
—0.02, 0.00) —0.02, 0.01) —0.02, 0.01) 
ECHAM CH,t 0.22 0.22 -0.20 
GISS CHyt —0.20 —0.20 —0.18 
GISS indirect and —_— —0.14 + 0.03 —0.16 + 0.04 
semidirect aerosols 
GISS BC albedo _— —0.010 —0.017 
(effective forcing x5) (—0.05) (-0.09) 
GISS nett —0.32 —0.60 -0.77 


*For aerosols, the value for ECHAM is the sum of the direct BC+OC+sulfate forcing. For GISS, the same sum is presented first, 
and individual components are listed afterward (the ECHAM model has more realistic internally mixed aerosols, so components 
are not separable). TCH, forcing at 2030 is roughly 75% of the forcing that is eventually realized from CH, emission 
changes through 2030. }The net forcing given here includes the effective value for BC albedo forcing. Uncertainties due 
to internal variability in the models are 0.01 W/m? or less for direct forcings and 0.001 W/m? for BC albedo forcing. 
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“effective” forcing is five times the instanta- 
neous value (25, 26). Albedo forcing can be 
important regionally (Fig. 2), especially in the 
Arctic and the Himalayas, where the measures 
decrease forcing up to 4 W/m (not including 
the factor of 5). Such large regional impacts are 
consistent with other recent studies (27, 28) and 
would reduce snow and ice melting. 

Roughly half the forcing is relatively evenly 
distributed (from the CH, measures). The other 
half is highly inhomogeneous, especially the 
strong BC forcing, which is greatest over bright 
desert and snow or ice surfaces. Those areas often 
exhibit the largest warming mitigation, making 
the regional temperature response to aerosols and 
ozone quite distinct from the more homoge- 
neous response to well-mixed greenhouse gases 
(Fig. 2) [although the impact of localized forc- 


ing extends well beyond the forcing location 
(29)]. BC albedo and direct forcings are large in 
the Himalayas, where there is an especially pro- 
nounced response in the Karakoram, and in 
the Arctic, where the measures reduce projected 
warming over the next three decades by approx- 
imately two thirds and where regional temper- 
ature response patterns correspond fairly closely 
to albedo forcing (for example, they are larger 
over the Canadian archipelago than the interior 
and larger over Russia than Scandinavia or the 
North Atlantic). 

The largest precipitation responses to the 
CH, plus BC measures are seen in South Asia, 
West Africa, and Europe (Fig. 2). The BC mea- 
sures greatly reduce atmospheric forcing—defined 
as top-of-the-atmosphere minus surface forcing— 
in those parts of Asia and Africa (fig. $4), which 
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can strongly influence regional precipitation pat- 
terns (30-32). In comparison with a semiempir- 
ical estimate (33), the two composition-climate 
models represent present-day atmospheric forc- 
ing reasonably well (fig. S4). The response to 
greenhouse gases alone shows different spatial 
structure over South Asia and Europe and is much 
weaker everywhere (per unit of global mean forc- 
ing). The BC measures moderate a shift in the 
monsoon westward away from Southeast Asia 
into India seen during 20th- and 21st-century 
GISS-E2 simulations, with especially strong im- 
pacts at the Indian west coast and from Bengal 
to the northwest along the Himalayan foothills. 
Climate models’ simulations of monsoon responses 
to absorbing aerosols vary considerably (30-32). 
The results suggest that the BC measures could 
reduce drought risk in Southern Europe and the 


Fig. 2. (A and B) June-September precipitation change, (C and D) annual average 
surface temperature change, and (E) BC albedo forcing due to [(A), (C), and (E)] CH, 
plus BC measures and [(B) and (D)] CH, measures alone (the scales change in each 
panel). Changes are equilibrium responses relative to the reference in the GISS-E2-S 
climate model (mixed-layer ocean). Albedo forcings are directly simulated values rather 
than the enhanced “effective” values. Colored areas are statistically significant (95% 
confidence for temperature and forcing, 90% confidence for precipitation). Pre- 
cipitation changes are small in areas not shown. Forcing from CH, plus BC measures is 
roughly double the CH, measures forcing (Table 1), so that equivalent colors in the two 
columns indicate comparable responses per unit forcing. 
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Sahel while reversing shifting monsoon patterns 
in South Asia. 

Global mean impacts of packages of mea- 
sures. Having established the credibility of the 
analytic climate calculations at the global scale 
[air quality simulations were shown to be real- 
istic in (20)], we now briefly compare the glob- 
al effects of the separate packages of measures 
(Table 2). The CH, measures contribute more 
than half the estimated warming mitigation and 
have the smallest relative uncertainty. BC Tech 
measures have a larger climate impact and a sub- 
stantially smaller fractional uncertainty than that 
of the Reg measures because aerosols contribute 
a larger portion of the total forcing in the Reg 
case (and uncertainty in radiative forcing by BC 
or OC is much larger than for CH, or ozone). In 
the Reg case, the temperature range even in- 
cludes the possibility of weak global warming, 
although the distribution shows a much larger 
probability of cooling. 

For yield losses of four staple crops due to 
ozone, the mean values for CH, and BC Tech 
measures are comparable, whereas BC Reg mea- 
sures have minimal impact. The health benefits 
from BC measures are far larger that those from 
the CH, measures because health is more sensi- 
tive to reduced exposure to PM>.; than to ground- 
level ozone. The large ranges for health impacts 
stem primarily from uncertainty in concentration- 
response relationships. The estimated 0.7 to 4.7 
million annually avoided premature deaths are 
substantial in comparison with other causes of 
premature death projected for 2030, including 
tuberculosis (0.6 million), traffic accidents (2.1 
million), or tobacco use (8.3 million) (34). There 
would also be large health benefits from im- 
proved indoor air quality. Because of limited 
data, we only estimated these for India and China, 
where implementation of all BC measures leads 
to an additional 373,000 annually avoided pre- 
mature deaths (7). 

Cost and benefit valuation. Economic analy- 
ses use the value of a statistical life (VSL) for 
health, world market prices for crops, and the 
social cost of carbon (SCC) along with global 
mean impacts relative to CO, for climate (7). 
Valuation is dominated by health effects and 
hence by the BC measures (Table 2). Climate 
valuation is large for the CH, measures, although 
it depends strongly on the metrics used. If instead 
of the 100-year GWP, the 100-year global tem- 
perature potential (GTP) of CH, is used (35), 
the value becomes $159 billion. Similarly, bene- 
fits scale with differing choices for the SCC. 
Climate benefits for the BC measures are based 
on the CH, measures’ climate benefits times the 
relative global mean climate impact of the BC 
measures because published GWP or GTP val- 
ues do not cover all species and ignore some 
factors affecting climate (such as aerosol indirect 
effects), and the ratio of the temperature re- 
sponses is similar to the ratio of the integrated 
forcing due to a single year’s emissions (GWP). 
This method still neglects regional effects of these 


pollutants on temperatures, precipitation, and sun- 
light available for photosynthesis. 

Because the CH, measures largely influence 
CH, emissions alone, and CH, emissions any- 
where have equal impact, it is straightforward to 
value CH, reductions by the metric ton. Climate 
benefits dominate, at $2381 per metric ton, with 
health second and crops third. The climate ben- 
efit per metric ton is again highly dependent 
on metrics. For example, instead of a $265 SCC 
(36)—a typical value assuming a near-zero dis- 
count rate—a value of $21 consistent with a ~3% 
discount rate could be used. Because discount- 
ing emphasizes near-term impacts, we believe a 
20-year GWP or GTP should be used with the 
$21 SCC, in which case the valuation is $599 
or $430 per metric ton, respectively. Health and 
agricultural benefits could also be discounted to 
account for the time dependence of the ozone 
response. Using a 5% discount rate, the mean 
health and agricultural benefits decrease relative 
to the undiscounted Table 2 values to $659 and 
$18 per metric ton, respectively. Climate ben- 
efits always exceed the agricultural benefits per 
metric ton, but climate values can be less or more 
than health benefits depending on the metric 
choices (the health benefits are similarly depen- 
dent on the assumed VSL). 

A very conservative summation of benefits, 
using $430 for climate and discounted health 
and agricultural values, gives a total benefit of 
~$1100 per metric ton of CH, (~$700 to $5000 
per metric ton, using the above analyses). IEA 
estimates (37) indicate roughly 100 Tg/year of 
CH, emissions can be abated at marginal costs 
below $1100, with more than 50 Tg/year cost- 
ing less than 1/10 this valuation (including the 
value of CH, captured for resale). Analysis using 
more recent cost information in the GAINS mod- 
el (38, 39) finds that the measures analyzed here 


could reduce 2030 CH, emissions by ~110 Tg 
at marginal costs below $1500 per metric ton, 
with 90 Tg below $250. The full set of mea- 
sures reduce emissions by ~140 Tg, indicating 
that most would produce benefits greater than— 
and for approximately two-thirds of reductions 
far greater than—the abatement costs. Of course, 
the benefits would not necessarily accrue to those 
incurring costs. 

Prior work valued CH, reductions at $81 
($48 to $116) per metric ton, including agricul- 
ture (grains), forestry, and nonmortality health 
benefits using 5% discounting (40). Their agri- 
cultural valuation was ~$30 ($1 to $42) per met- 
ric ton. Hence, our agriculture values are smaller 
but well within their large range. Those results 
suggest that forestry and nonmortality health ef- 
fects contribute another ~$50 per metric ton of 
CHy4. Nonlinearities imply all valuations may shift 
somewhat as the background atmospheric com- 
position changes. 

GAINS estimates show that improved effici- 
encies lead to a net cost savings for the brick kiln 
and clean-burning stove BC measures. These ac- 
count for ~50% of the BC measures’ impact. 
The regulatory measures on high-emitting vehi- 
cles and banning of agricultural waste burning, 
which require primarily political rather than ec- 
onomic investment, account for another 25%. 
Hence, the bulk of the BC measures could prob- 
ably be implemented with costs substantially less 
than the benefits given the large valuation of the 
health impacts (Table 2). 

CH, measures by sector and region. It is also 
straightforward to separate the impact of CH, 
reductions in each region and sector on forcing. 
Because CH, is relatively well mixed globally, 
other impacts (such as crop yields) have the same 
proportionality as forcing. Emissions reductions 
in the coal mining and oil/gas production sectors 


Table 2. Global impacts of measures on climate, agriculture, and health and their economic valuation. 
Valuations are annual values in 2030 and beyond, due to sustained application of the measures, which are 
nearly equal to the integrated future valuation of a single year’s emissions reductions (without discounting). 
Climate valuations for CHy use GWP100 and an SCC of $265 per metric ton (36). Crop and health valuations 
use 95% confidence intervals, whereas climate valuations use ~67% uncertainty range. All values are in 


2006 dollars. 
CH, BC Tech BC Reg 
measures measures measures 
Physical Impacts 
Avoided warming in 2050 (°C) 0.28 + 0.10 0.12 (+0.06/—0.09) .07 (+.04/-0.09) 


Annually avoided crop yield losses 27 (+42/—20) 
(millions metric tons; sum of 
wheat, rice, maize, and soy) 

Annually avoided premature 
deaths (thousands) 


Valuation 


47 (+40/-34) 


Climate, billions $US 331+ 118 
($US per metric ton CHa) (2381 + 850) 
Crops, billions $US 4.2+1.2 
(SUS per metric ton CH,) (29 + 8) 
Health, billions $US 148 + 99 


($US per metric ton CHa) (1080 + 721) 


24 (+72/-21) 2 (+13/-3) 


1720 (+1529/-1188) 619 (+639/—-440) 


142 (+71/-106) 83 (+47/-106) 


3.6 + 2.6 0.4 + 0.6 


3717 (4+3236/-2563) 1425 (+1475/-1015) 
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have the largest impacts, with municipal waste 
third (Fig. 3). Globally, sectors encompassing 
fossil fuel extraction and distribution account for 
nearly two thirds of the benefits because tech- 
nology to control emissions from these sectors 
is readily available. 

Examining benefits by sector and region, 
the largest by a considerable amount are from 
coal mining in China (Fig. 3). Oil and gas pro- 
duction in Central Africa, the Middle East, and 
Russia are next, followed by coal mining in South 
Asia, gas transmission in Russia (in high-pressure 
mains), and municipal waste in the United 
States and China. Ranking is obviously quite sen- 
sitive to regional groupings and country size, and 
there is substantial uncertainty in emissions from 
certain sectors in some regions. In particular, using 
national emission factors (instead of the Inter- 
governmental Panel on Climate Change default 
methodology) would lower the coal-mining po- 
tential from India and Southern Africa substan- 
tially. Nonetheless, those eight regional/sectoral 
combinations alone represent 51% of the total 
impact from all CH, measures. 

Regional and national impacts. Upon exam- 
ination of impacts of the CH, plus BC mea- 
sures, avoided warming is greatest in central and 
northern Asia, southern Africa, and around the 
Mediterranean (Fig. 4, fig. S5, and table S5). 
Three of the top four national-level responses 
are in countries with strong BC albedo forcing 
(Tajikistan, Kyrgyzstan, and Russia). In contrast, 
the atmospheric forcing linked to regional hydro- 
logic cycle disruption is reduced most strongly 


°C 


-0.04 


in south Asia and west Africa, where the mea- 
sures greatly decrease BC emissions. Total num- 
bers of avoided premature deaths are greatest in 
developing nations in Asia and Africa with large 
populations and high PM concentrations (and 
large emissions changes). Turning to per capita 
impacts, premature deaths are reduced most strong- 
ly in countries of south Asia, followed by cen- 
tral Africa, then east and southeast Asia, in a 
pattern quite similar to the atmospheric forcing 
impacts. 

For crop production, China, India, and the 
United States, followed by Pakistan and Brazil, 
realize the greatest total metric tonnage gains. 
Looking instead at percentage yield changes, im- 
pacts are largest in the Middle East, with large 
changes also in central and south Asia. There is a 
large impact on percentage crop yields in Mexico 
that is quite distinct from neighboring countries, 
reflecting the influence of local emission changes. 
Impacts vary greatly between crops for changes 
in total production (fig. S6), with largest impacts 
occurring where the distribution and seasonal 
timing of crop production coincide with high 
ozone concentrations (7). Percentage yield changes 
are more consistent, however. Additional crop 
yield benefits would result from the avoided cli- 
mate change, but they are not considered here. 

Avoided warming is spread much more evenly 
over the Earth than other impacts. Both climate 
benefits in terms of reductions in regional atmo- 
spheric forcing and air quality—related human 
health benefits are typically largest in the coun- 
tries of south Asia and central Africa, whereas 


°C 


-0.03 


60 40 20 
mW/m? 


Fig. 3. Global mean radiative forcing (bottom x axes) and temperature 
response (top x axes) from CH, and ozone in response to CH, measures. 
Global totals by (left) emission control measure, and (right) values 
by region and sector are shown. Temperature response is the approxi- 
mate equilibrium value. Uncertainties are ~10% in forcing and ~50% 


in response. 
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agricultural benefits are greatest in the Middle 
East, where ozone reductions are large. Because 
many nations in these areas face great develop- 
ment challenges, realization of these benefits 
would be especially valuable in those areas. 

Discussion. The results clearly demonstrate 
that only a small fraction of air quality measures 
provide substantial warming mitigation. None- 
theless, the CH, and BC emissions reduction 
measures examined here would have large ben- 
efits to global and regional climate, as well as to 
human health and agriculture. The CH, mea- 
sures lead to large global climate and agriculture 
benefits and relatively small human health ben- 
efits, all with high confidence and worldwide 
distribution. The BC measures are likely to pro- 
vide substantial global climate benefits, but un- 
certainties are much larger. However, the BC 
measures cause large regional human health ben- 
efits, as well as reduce regional hydrology cycle 
disruptions and cryosphere melting in both the 
Arctic and the Himalayas and improve regional 
agricultural yields. These benefits are more cer- 
tain and are typically greatest in and near areas 
where emissions are reduced. Results are robust 
across the two composition-climate models. Pro- 
tecting public health and food supplies may take 
precedence over avoiding climate change in most 
countries, but knowing that these measures also 
mitigate climate change may help motivate pol- 
icies to put them into practice. 

We emphasize that the CH, and BC mea- 
sures are both distinct from and complementary 
to CO, measures. Analysis of delayed implemen- 
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Fig. 4. National benefits of the CH, plus BC measures versus the refer- 
ence scenario. Circle areas are proportional to values for (A and B) climate 
change, (C and D) human health (values for population over age 30), and (E 
and F) agriculture. Surface temperature changes are from the GISS-E2-S 
simulation. Health, agriculture, and atmospheric forcing impacts are based 
on the average of GISS and ECHAM concentration changes and are for 2030 
and beyond. Uncertainties are ~60% for global mean temperatures, with 


national scale uncertainties likely greater, ~60% for atmospheric forcing, 
~70% for health, and roughly —70%/+100% for crops [see (7) for factors 
included in uncertainties, most of which are systematic for atmospheric forcing, 
health, and agriculture so that much smaller differences between regions are 
still significant]. Interactive versions providing values for each country are at 
www.giss.nasa.gov/staff/dshindell/Sci2012, whereas alternate presentations of 
these data are in fig. S5 and table S5. 


tation of the CH, and BC measures (fig. S3) 
shows that early adoption provides much larger 
near-term benefits but has little impact on long- 
term temperatures (20). Hence, eventual peak 
warming depends primarily on CO, emissions, 
assuming air quality—related pollutants are re- 
moved at some point before peak warming. 
Valuation of worldwide health and ecosys- 
tem impacts of CH, abatement is independent 
of where the CH, is emitted and usually out- 
weighs abatement costs. These benefits are 
therefore potentially suitable for inclusion in 
international mechanisms to reduce CH, emis- 
sions, such as the Clean Development Mecha- 
nism under the United Nations Framework 
Convention on Climate Change or the Prototype 
Methane Financing Facility (47). Many other 
policy alternatives exist to implement the CH, 
and BC measures, including enhancement of cur- 
rent air quality regulations. The realization that 
these measures can slow the rate of climate change 
and help keep global warming below 2°C rela- 
tive to preindustrial in the near term, provide en- 
hanced warming mitigation in the Arctic and 
the Himalayas, and reduce regional disruptions 


to traditional rainfall patterns—in addition to 11. : ony et al., J. Geophys. Res. 113 (D7), D07308 
‘ : 2008). 
their local health and local-to-global agricultural 5, r ‘chindell et al, Atmos, Chem. Phys. 6, 4427 (2006). 
benefits—may help prompt widespread and early 13. D. Krewski et al., “Extended follow-up and spatial 
implementation so as to realize these manifold analysis of the American Cancer Society study linking 
benefits. particulate air pollution and mortality” (Health Effects 
Institute, Boston, 2009). 
14. M. Jerrett et al., N. Engl. J. Med. 360, 1085 (2009). 
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Periodic Emission from the Gamma-Ray 
Binary 1FGL J1018.6—5856 


The Fermi LAT Collaboration* 


Gamma-ray binaries are stellar systems containing a neutron star or black hole, with gamma-ray 
emission produced by an interaction between the components. These systems are rare, even though 
binary evolution models predict dozens in our Galaxy. A search for gamma-ray binaries with the 
Fermi Large Area Telescope (LAT) shows that 1FGL J1018.6—5856 exhibits intensity and spectral 
modulation with a 16.6-day period. We identified a variable x-ray counterpart, which shows a sharp 
maximum coinciding with maximum gamma-ray emission, as well as an O6V((f)) star optical 
counterpart and a radio counterpart that is also apparently modulated on the orbital period. 1FGL 
J1018.6—5856 is thus a gamma-ray binary, and its detection suggests the presence of other fainter 


binaries in the Galaxy. 


compact objects are expected to emit gam- 

ma rays (/): microquasars—accreting black 
holes or neutron stars with relativistic jets (2)—and 
rotation-powered pulsars interacting with the wind 
of a binary companion (3). Microquasars should 
typically be powerful x-ray sources when active, 
and hence such gamma ray—emitting systems may 
already be known x-ray binaries. Indeed, the bright 
x-ray source Cygnus X-3 is now known to be 
such a source (4, 5). The existence of pulsars in- 
teracting with stellar companions of early spectral 
types is predicted as an initial stage in the forma- 
tion of high-mass x-ray binaries (HMXBs) con- 
taining neutron stars (6). These interacting pulsars 
are predicted to be much weaker x-ray emitters 
and may not yet be known or classified x-ray 
sources. Gamma-ray binaries may thus not be as 
rare as they appear to be, and many systems may 
await detection. 

A gamma-ray binary is expected to show 
orbitally modulated gamma-ray emission due 
to a combination of effects, including changes in 
viewing angle and, in eccentric orbits, the degree 
of the binary interaction, both of which depend 
on binary phase. Periodic gamma-ray modulation 
has indeed been seen in LS 5039 (period 3.9 


T= types of interacting binaries containing 


*All authors with their affiliations appear at the end of this 
paper. 
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days), LS 1+61° 303 (26.5 days), and Cygnus X-3 
(4.8 hours) (4, 7, 8), and gamma-ray emission is 
at least orbital phase—dependent for the PSR 
B1259-63 system (3.4 years) (9). However, the 
putative gamma-ray binary HESS J0632+057, 
for which a 32 1-day x-ray period is seen, has not 
yet been shown to exhibit periodic gamma-ray 
emission (/0). PSR B1259-63 contains a pulsar, 
and LS 5039 and LS I +61° 303 are suspected, 
but not proved, to contain pulsars, whereas 
Cygnus X-3 is a black hole candidate. A search 
for periodic modulation of gamma-ray flux from 
LAT sources may thus lead to the detection of 
further gamma-ray binaries, potentially revealing 
the predicted HMXB precursor population. The 
first Fermi LAT (//) catalog of gamma-ray sources 
(“I1FGL”) contains 1451 sources (/2), a large 
fraction of which do not have confirmed counter- 
parts at other wavelengths and thus are poten- 
tially gamma-ray binaries. 

To search for modulation, we used a weighted 
photon method to generate light curves for all 
1FGL sources in the energy range 0.1 to 200 GeV 
(7/3). We then calculated power spectra for all 
sources. From an examination of these, in addi- 
tion to modulation from the known binaries LS 
1+61° 303 and LS 5039, we noted the presence 
of a strong signal near a period of 16.6 days from 
1FGL J1018.6-5856 (Fig. 1). LFGL J1018.6—-5856 
has a cataloged 1- to 100-GeV flux of 2.9 x 10°° 


photons cm~ s ', making it one of the brighter 
LAT sources. The source’s location at right as- 
cension (R.A.) = 10" 18.7", declination (decl.) = 
—58° 56.30’ (J2000; +1.8’, 95% uncertainty) means 
that it lies close to the galactic plane (6 =—1.7°), 
marking it as a good candidate for a binary sys- 
tem. 1FGL J1018.6—-5856 has been noted to be 
positionally coincident with the supernova rem- 
nant G284.3—1.8 (12) and the TeV source HESS 
J1018-589 (/4), although it has not been shown 
that these sources are actually related. 

The modulation at a period of 16.6 days has 
a power more than 25 times the mean value of 
the power spectrum and has a false-alarm prob- 
ability of 3 x 10-8, taking into account the num- 
ber of statistically independent frequency bins. 
From both the power spectrum itself (75) and 
from fitting the light curve, we derived a period 
of 16.58 + 0.02 days. The folded light curve 
(Fig. 1) has a sharp peak together with additional 
broader modulation. We modeled this to deter- 
mine the epoch of maximum flux Tin, by fitting 
a function consisting of the sum of a sine wave 
and a Gaussian function, and obtained Tina. = 
modified Julian date (MJD) 55403.3 + 0.4. 

The gamma-ray spectrum of 1FGL J1018.6— 
5856 shows substantial curvature through the LAT 
passband. To facilitate discussion of the lower- 
energy (<1 GeV) and higher-energy (>1 GeV) 
gamma rays, we adopted as our primary model 
a broken power law with photon indices I,;_, and 
T 1-10 for energies below and above 1 GeV, re- 
spectively. The best-fit values (73) are To) = 
2.00 + 0.04 tat + 0.08,ys¢ and Ty_19 = 3.09 + 0.06.42 + 
0.12.) along with an integral energy flux above 
100 MeV of (2.8 + O.1sat + O.3syst) * 107'° erg 
cms '. A power law with exponential cutoff 
(7, 8), dN/dE = N(E/GeV)' exp(-E/E,), gives 
an acceptable fit with T= 1.9+0.1 and E,=2.5 + 
0.3 GeV (statistical errors only). Although this 
spectral shape is qualitatively similar to that of 
pulsars and of LS 1+61° 303 and LS 5039, so far 
no detection of pulsed gamma-ray emission has 
been reported (/6). 

To investigate variability on the 16.6-day 
period, we folded the data into 10 uniform bins in 
orbital phase and then refit the broken power-law 
parameters within each phase bin. The resulting 
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folded light curve (Fig. 2) indicates substantial 
variability in both the source brightness and 
spectral shape. In agreement with the detection 
of multiple harmonics of the orbital period in 
the power spectrum, there appear to be two pri- 
mary features. For phases 0.2 to 0.6, the spectral 
curvature decreases and the peak of the spectral 
energy distribution lies below the LAT passband 
(indicated by I 1_, > 2). The onset of this soft 
spectrum is approximately coincident with a rise 
in x-ray emission and a peak in radio emission 
(see below). A weaker peak appears in the low- 
energy (< 1 GeV) y-ray flux at phase 0.5 (Fig. 2). 
For the remaining phases, the LAT spectrum 
hardens with a comparatively sharp rise to, and fall 
from, a peak around 1 GeV (T.1-1 < 2, 1-19 > 2). 
The variable spectral shape implies that only a 
modest fraction of the flux could represent steady 
magnetospheric emission from a pulsar. 

We undertook observations of the location of 
1FGL J1018.6-5856 covering the energy range 
0.3 to 10 keV by means of the X-ray Telescope 
(XRT) onboard the Swift satellite. The first ob- 
servation was obtained on 29 September 2009 
with an exposure of 5 ks. A single source was 
detected in the XRT image (Fig. 3) within the 
LAT error circle. We then obtained additional ob- 
servations from January to April 2011 to search 
for x-ray variability (/3) and found large am- 
plitude variability. Folded on the gamma-ray 
ephemeris (Fig. 4), there is a sharp peak in x-ray 
flux, coincident with the gamma-ray peak. How- 
ever, in addition to this, a sine wave-like periodic 
modulation is also seen that peaks near phase 
0.3 to 0.4. 

Swift Ultraviolet/Optical Telescope (UVOT) 
(17) observations were obtained simultaneously 
with the x-ray observations. The x-ray source is 
positionally coincident with a bright source seen 
in the UVOT images (Fig. 3) (3), which in turn 
is coincident with a source in the U.S. Naval 
Observatory B1.0 catalog at (J2000.0) R.A. = 10" 
18™ 55°.60 + 0.1’’, decl. =-58° 56’ 46.2" 0.1". 
Spectroscopic observations of the optical coun- 
terpart were performed using the South African 
Astronomical Observatory 1.9-m telescope and 
the 2.5-m telescope at the Las Campanas Obser- 
vatory. Absorption lines due to H, He 1, and He 1 
identify it as an early-type star. We used a spectral 
atlas (78) to estimate the spectral type. He 0 
14686 is present in absorption, which indicates 
a main-sequence star. The ratio of He 11 14541 to 
He 1 44471 implies an O6 spectral type. Weak 
emission is seen from N m but not He 1, which 
indicates an ((f)) classification. We therefore es- 
timate the spectral type as O6V((f)). This is very 
similar to the spectral type of LS 5039 (19). 
Interstellar absorption bands provide an estimate 
of the reddening, E(B — V), defined as the rel- 
ative absorption in the B and V optical bands; 
from the features at 4430 and 5780 A, we de- 
rive E(B — V) = 0.9 and 1.6, respectively. Taking 
V ~ 12.6 from measurements with the All Sky 
Automated Survey (ASAS) (20), we derive a 
distance, d, to 1FGL J1018.6—5856 from Earth of 


5 + 2 kpc, allowing for uncertainties in the 
reddening and spectral classification. 

Radio observations of the 1FGL J1018.6— 
5856 region were obtained with the Australia 
Telescope Compact Array (ATCA) at frequencies 
of 5.5 and 9 GHz. A faint radio source at R.A. = 
10" 18™ 55°.580, decl. = -58° 56’ 45.5” (40.1 
and 0.3’’, respectively) is coincident with the 
stellar position. The radio source was clearly 
seen to be variable (Fig. 4). Unlike the gamma- 
ray and x-ray modulation, there is no obvious 
brightening in the radio at phase zero. Instead, 
it appears that the radio may be following the 
smoother sine wave-like component of the x-ray 
modulation. 

1FGL J1018.6—5856 shares many properties 
with LS 5039. They are both fairly steady gamma- 
ray sources on long time scales, their periodic 
modulations have not shown large changes, and 
their optical counterparts are of a very similar 
spectral type. The x-ray light curve of LS 5039 
appears to be highly repeatable (2/, 22), and the 
x-ray light curve of IFGL J1018.6—-5856 also 
shows repeatable behavior with a flux increase 
around phase 0 repeated over four orbital periods. 
The lack of variability in UV/optical brightness 
is also reminiscent of LS 5039 (23, 24). This 
suggests that there is little ellipsoidal modulation 
of the primary star and hence that it substantially 
underfills its Roche lobe. On the other hand, the 
relative phasing of the gamma-ray spectral mod- 
ulation and flux modulation differ from those of 
LS 5039 where the spectrum is softest when the 
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flux is highest (8). Also, for LS 5039 the phases 
of maximum x-ray and gamma-ray do not co- 
incide (8, 22). The brightest peak in the folded 
gamma-ray light curve of [FGL J1018.6-5856 at 
phase 0 is associated with the hardest gamma-ray 
spectrum and is coincident with x-ray flaring and 
minimum radio emission. Finally, 1FGL J1018.6— 
5856 has a much longer orbital period. 

The gamma-ray modulation observed in 1FGL 
J1018.6—5856 could be due to anisotropic in- 
verse Compton (IC) scattering between stellar 
photons and high-energy electrons that varies 
with orbital phase, as proposed for LS 5039 and 
LS 1+61° 303 (7, 8). However, the modulation 
amplitude is considerably lower in 1FGL J1018.6— 
5856 [fax —fmin)/(fmax + fmin) = 25%! relative 
to that of LS 5039 (= 60%). Modulation ampli- 
tude should increase with eccentricity and is high- 
est for systems viewed edge-on (25); however, in 
the case of LS I +61° 303, the modulation frac- 
tion has been observed to undergo large changes 
(26). If the IC scattering interpretation is correct, 
then this implies that 1FGL J1018.6—-5856 has 
both low inclination and low eccentricity. For com- 
parison, the eccentricity of LS 5039 has been re- 
ported to be in the range of 0.3 to 0.5 (19, 27, 28). 
Although a low inclination angle implies that it 
would be difficult to measure the radial velocity 
of the companion from optical studies, the small 
Doppler shifts predicted would facilitate a pulsa- 
tion search at GeV energies. 

The gamma-ray spectral variability of 1FGL 
J1018.6-5856 over the orbit is also reminiscent of 


1.5 2.0 


10° 
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Fig. 1. Power spectrum of the LAT weighted photon light curve (E > 100 MeV) of 1FGL J1018.6—5856. 
The power spectrum is oversampled by a factor of 4 relative to its nominal resolution. The red dashed line 
indicates the 16.6-day period; the blue dashed lines are the second, third, and fourth harmonics of this. 
The dashed black line is a fit to the continuum power. The inset shows the weighted photon light curve 


folded on the 16.6-day period. 
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LS 5039 but is unlike the behavior of LS I +61° 
303. If the high-energy electron distribution 
remains constant along the orbit, spectral changes 
due to the anisotropic IC cross section are ex- 
pected only if the inclination is substantial. In this 
case, harder spectra are expected to occur when 
the stellar photons are forward-scattered by the 
electrons (1.e., at inferior conjunction), which is 
also typically when the scattering rate is at its 
orbital minimum. However, for 1FGL J1018.6— 
5856 the hardness ratio and flux are correlated, 
unlike for LS 5039 (8). If periastron passage co- 
incides with inferior conjunction, then a high pho- 


Photon Index 
ine) 
ol 


0.9F ton density might compensate for the unfavorable 
interaction angle, but this requires fine-tuning of 
= the orbital parameters. The spectral variabili- 
o 07 re ty is more likely to reflect intrinsic variations— 
= i aL} 1) ee for instance, in the cooling of emitting particles. 
iS) | | Moreover, both PSR B1259-63 and LS I +61° = 
S 05 ai “Ale = T- | 303 (7, 9) show that a simple model may not be << 
es 1 = LL correct. The phasing of gamma-ray maximum at a 
2 7 =a ai 7 GeV energies is not consistent with IC scattering ha 
x 2.4 0.1 “1 GeV) .o Med 7 on stellar photons, as it is delayed in both PSR = 
ic Jy] ay B1259-63 and LS I +61° 303, implying that 2 
5 |- i other mechanisms may be at work. For exam- & 
7 | s eae Mt _ Bhs. ple, there could be other seed photon sources, c 
Wi 2.0 ae u U | | IL | | Doppler boosting, or other radiative mechanisms ad 
ae [= 2 le ee at work. 
, Hiyi t 7 The gamma-ray energy flux of IFGL J 1018.6— 
=I iz 5856 implies a luminosity of ~8 x 10°° (d/5 kpc)” 
1 a k | ergs s ' (E> 100 MeV), whereas the implied x-ray 
0.0 0.5 1.0 15 2.0 luminosity is highly variable with fluxes up to 
Orbital Phase ~10*4 (d/5 kpc)” ergs s!. For comparison, the 
gamma-ray luminosity of LS 5039 is ~2 x 10°° 
Fig. 2. The orbital modulation of the flux and spectral indices of 1FGL ]1018.6-5856 in the 0.1 to  (d/2.5 kpc)’ ergs s | (26). This is somewhat sur- 
10 GeV band as measured with the Fermi LAT. 934-1 and I'3_49 are photon spectral indices for prising; relative to LS 5039, the orbital period 
energies below and above 1 GeV, respectively, using a broken power-law model. of 1FGL J1018.6-5856 (longer by a factor of 4) = 
fe) 
xe) 
S 
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Fig. 3. Swift XRT x-ray (left) and UVOT-W1 (right) images of the region around 1FGL J1018.6—5856. The x-ray—optical counterpart is marked by an 
arrow near the center of both images. The LAT 95% confidence ellipses from the 1FGL (12) and 2FGL (29) catalogs are marked. 
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Fig. 4. X-ray (upper panel) and radio (lower panel) observations of 1FGL J1018.6—5856 folded on the 
orbital period. The x-ray data are from the Swift XRT and cover the energy range 0.3 to 10 keV. For the 
x-ray observations, the different colors indicate data taken from different 16.58-day orbital cycles. For 
the radio data, green diamonds indicate 9-GHz data and red circles 5.5-GHz data. The radio data are 


from the ATCA. 


implies a major axis that is larger by a factor of 
2.5, so that the mean stellar radiation density 
seen by the compact object is smaller by a factor 
of 6. The higher gamma-ray luminosity of 1FGL 
J1018.6—5856 indicates that the power injected 
in nonthermal particles must therefore be substan- 
tially higher in 1FGL J1018.6—-5856 than in LS 
5039. The similarity to LS 5039 suggests that we 
may be observing a rapidly rotating neutron star 
interacting with its companion. This raises the 
possibility that the neutron star rotation period 
might be detectable, as is the case with PSR 
B1259—63. However, our observations cannot 
definitely exclude an accreting neutron star or 
black hole. 
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Universal Signatures of Fractionalized 
Quantum Critical Points 


Sergei V. Isakov,? Roger G. Melko,? Matthew B. Hastings?’** 


Ground states of certain materials can support exotic excitations with a charge equal to a fraction of 
the fundamental electron charge. The condensation of these fractionalized particles has been predicted 
to drive unusual quantum phase transitions. Through numerical and theoretical analysis of a physical 
model of interacting lattice bosons, we establish the existence of such an exotic critical point, called XY*. 
We measure a highly nonclassical critical exponent n = 1.493 and construct a universal scaling function 
of winding number distributions that directly demonstrates the distinct topological sectors of an 
emergent Z, gauge field. The universal quantities used to establish this exotic transition can be used to 
detect other fractionalized quantum critical points in future model and material systems. 


accelerator experiments, certain types of fun- 

damental quantum particles can only be studied 
in tabletop condensed-matter physics experi- 
ments. Consider, for example, the electron, carrying 
fundamental charge e. Unlike the proton, whose 
charge originates from quarks with fractional 
charge, no energy is sufficiently high to break up 
the charge of an electron. However, as demon- 
strated by the measurement of fractional Hall con- 
ductance, if one places an electron in certain clean 
two-dimensional (2D) materials in a strong mag- 
netic field, its charge can break into fractions—e/3, 
e/5, and so on (/)—with each fractional charge 
arising from a quasiparticle emerging as an ex- 
citation of the ground state. 

Such quasiparticles share all the important 
characteristics of real particles. In deconfined 
phases of matter with a gap to excitations, the 
quasiparticles can be separated a large distance 
from each other, making them well-defined lo- 
calized objects with a sharp energy-momentum 
dispersion relation. For more than a decade, 


I is noteworthy that, in this age of high-energy 
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condensed-matter physicists have searched for 
fractionalized particles in systems other than Hall 
effect materials. Theoretical predictions have iden- 
tified a class of low-temperature paramagnets, the 
quantum spin liquids, as holding particular prom- 
ise for supporting them (2-4). However, exper- 
imental searches for these fractional charges and 
their parent spin-liquid vacuum remain uncon- 
vincing. This is partly a result of the difficulty in 
constructing measurements that are able to iden- 
tify their experimental signatures in the variety 
of materials—ranging from fabricated solid-state 
devices to organic magnets—thought to harbor 
spin-liquid states (5). An interesting recent ex- 
perimental candidate is a set of materials that 


may display fractional particles with a gapless 
Fermi surface (6—//), where interaction between 
quasiparticles makes it problematic to even de- 
fine a fractionalized excitation (/2). In bosonic 
systems, such interacting gapless fractional quasi- 
particles have been proposed to mediate quantum 
critical points that exist in certain order-to-order 
transitions (/3). For these Landau-violating crit- 
ical points (which rely on long-wavelength fluc- 
tuations of fractional particles), signatures of the 
fractionalization are manifest in universal quan- 
tities, such as critical exponents, instead of spe- 
cific material-dependent quantities. 

A major goal of the theoretical community 
has been to demonstrate the existence of these 
“deconfined” quantum critical points in realistic 
microscopic models, with the use of large-scale 
numerical simulation (/4). In this work, we used 
quantum Monte Carlo (QMC) to study decon- 
fined quantum criticality in the context of an 
order-to-disorder transition between a superfluid 
and a gapped spin-liquid state, in a physical mod- 
el of lattice bosons. The model we examine is a 
variant of the Bose-Hubbard Hamiltonian, in- 
troduced in (/5), which is a simple model of 
hard-core bosons hopping (with strength f) on 
a 2D kagome lattice with an energetic constraint 
(V ) favoring three bosons per hexagonal lattice 
plaguette: H = —13.jy[b] bj + bib] + VLoMoy 
(i and j are nearest-neighbor lattice sites; b; and 
b; are boson creation and annihilation operators, 


Fig. 1. A section of the to- 
roidal kagome lattice sim- 
ulation cell. Gold spheres 
label sites occupied by 
bosons in a representative 
configuration. Red spheres 
are fractional charges, mark- 
ing “defect hexagons” (those 
that do not have three 
bosons per site). Defect hex- 
agons are shown joined by 
an open string. We also show 
a representative closed string 
not associated with frac- 
tionalized particles. 
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respectively; and ng is the density of bosons 
around a hexagonal lattice plaquette). This mod- 
el has been shown to contain a superfluid—to— 
spin-liquid quantum phase transition at V/t ~ 7 
through the measurement of the topological en- 
tanglement entropy (/5). In that work, two uni- 
versal exponents were measured at the critical 
point, related to the divergence of the correlation 
length (v) and the isotropy of the space and time 
dimensions (z); both fall in the conventional 3D 
XY universality class. A section of the toroidal 
kagome lattice geometry used in our QMC sim- 
ulations, along with a representative boson con- 
figuration, is shown in Fig. 1. 

This system conserves total charge (the boson 
particle number). Deep in the spin-liquid phase 
(V >> 2d), it is known (/6) that exotic quasipar- 
ticles carrying a half-odd integer charge exist as 
fundamental excitations out of the ground-state 
vacuum. At infinite V and half filling, the system 
is restricted to a space of states with three parti- 
cles in each hexagon. In this limit, the model can 
be mapped to a dimer model on a triangular lat- 
tice formed by the centers of the hexagons, with 
three dimers per site (16). Tuming on a nonvan- 
ishing ¢/V produces virtual excitations out of 
this space of states, leading to effective exchange 
terms, which give a quantum spin-liquid phase. 
Imagine removing a single particle from this state, 
creating a pair of defect sites in the dimer model 
with only two dimers. In a phase with mobile, 
deconfined defects, these defects can become 
separated by large distances, and because the state 
has a total charge of —1 relative to the vacuum, 
each defect carries a charge of —1/2. Similarly, 
defects with four dimers carry a charge of +1/2. 
The model is thus in a Z, spin-liquid phase, but 
electric defects carry a half-odd charge (/7). Over- 
laying this configuration with a fixed reference 
configuration gives a transition graph, which is 
a gas of strings, with open strings connecting de- 
fects (2). There are three dimers per site, so strings 
may intersect (in Fig. 1 we only show two strings 
for clarity). Because links in the string arise al- 
ternately from the given configuration and the 
reference configuration, links need not have a 
particle on them in the image shown. 

Colloquially, one can view the fractionalized 
particles as a square root of the boson field, with 
the Z, gauge field present due to the sign am- 
biguity in the square root. Let bb denote creation 
and annihilation operators for the real physical 
bosons, and let oo denote the same operators 
for the fractionalized particles. At an XY* critical 
point, the fractionalized field » undergoes an 
ordinary XY transition (/S—20). This dramatical- 
ly affects the observed critical exponents (2/, 22), 
because the order parameter b usually associated 
with the transition is actually a composite operator, 
made up of two 9 fields. This leads to the same 
exponent v as in the ordinary XY critical point. 
However, the exponent 1 controlling the equal- 
time ground-state correlation function (b'(0) b(x)) 
is substantially modified, leading to n ~ 1.47(3), 
as estimated by field theoretic and Monte Carlo 


simulations of the correlation of a composite op- 
erator in the 3D XY model (23, 24). This is in 
marked contrast to the value n ~ 0.038 in the 
ordinary 3D XY transition (25). 

The measurement of 1 in the kagome model 
is challenging because QMC does not directly 
access the superfluid order parameter operators 
necessary to measure the relevant correlation finc- 
tion. To overcome this fact, we have measured 
the equal time Green’s function in real space: 
G(x) = G(t = 0,r) = (b*(0)b(r)) (c is the imag- 
inary time and r is the radial coordinate) (26, 27). 
This measurement involves keeping track of the 
defects created in the nonlocal loop algorithm 
(28) as it traverses the QMC’s d+1 space-time 
simulation cell (d is the spatial dimension). At 
the critical point, G(r) should decay at sufficient- 
ly long distances as 1/r'™. Finite size effects 
can be minimized by looking at G(L/m), which 
decays as 1/L'™, where L is the linear system 
size and m is some (fixed) number. In Fig. 2, 


Fig. 2. Equal time Green’s function 


G(L/6) = (b'(0,0) b(L/6,0)) as a func- —0.01 
tion of system size L. 
cS 
J 
1) 
0.001 


we show G(L/6) as a function of L. The Green’s 
function decays algebraically with n = 1.493 (/0), 
a value that is consistent with n for a composite 
operator in the 3D XY model. This strongly non- 
classical n shows that the boson operator 6 is 
indeed a composite operator of fractionalized 
excitations. 

More direct evidence can be obtained from 
topological properties, as we now show by con- 
structing new scaling functions that exploit univer- 
sality, and as such can be used as a test for the 
existence of fractionalized excitations in other mod- 
els and experiments. Consider a path in imaginary 
time in which a total of n, of the particles wind 
around the x direction of the torus geometry. In 
this case, the total charge W, that winds around 
the torus is equal to only n,/2. However, the only 
closed paths in imaginary time that are allowed 
are those in which n, is even, as the physical 
charge W, winding around the torus must be 
an integer. This is a manifestation of topological 
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Fig. 3. Comparison of winding number distribution P(W/,) for the kagome lattice XY* transition at L = 12, 16, 24 
tO Poyen(2W,) for a conventional 24-by-24 square-lattice XY transition (30). Dashed lines show the unprojected 
distribution of XY winding numbers P(W) for comparison. Upper curves are W/ = 1 and lower are W = 2. The x axis 
is B/L for the kagome lattice model and /L multiplied by a nonuniversal velocity ratio for the XY model. 
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properties of the Z, gauge field. The gauge field 
is gapped, so it does not affect the dynamics of 
the @ field, but there are a total of eight different 
topological sectors (two sectors in each space 
direction and one in the time direction), and 
summing over sectors restricts to even winding 
and an even number of the fractionalized parti- 
cles (see Fig. 1, where winding a particle drags a 
string, changing the topological sector). It is known 
that the winding-number variance (W2) in the 
ordinary XY model is a universal function of 
L/vB, where L is the length scale of the torus, v is a 
nonuniversal velocity, and B is the inverse tem- 
perature. It is natural that the full winding-number 
distribution, as quantified by the probabilities 
P(W,) of observing a given winding, is also a uni- 
versal function (29). Thus, the universal critical 
properties of the winding number distribution 
W,. in our model can be computed from a model 
undergoing an ordinary XY transition in 2+1 di- 
mensions, by restricting to sectors with even 
winding numbers n,,1,, and an even total particle 
number. Then, one can determine the probability 
of observing a given n, with 

PW) = Peven(2Wx) (1) 
where Pevyen(2W,) is the probability, after pro- 
jecting onto these even sectors, of observing 1, = 
2W,.. Whereas one does not know the scaling 
functions controlling Pye, analytically, we have 
sampled them using quantum Monte Carlo on a 
different model that contains a conventional XY 
transition (30). The prediction of the theory shows 
excellent agreement for two distinct scaling func- 
tions (Fig. 3) over the majority of the observed 
curve. The disagreement at higher temperatures is 
a result of low-energy magnetic excitations (30); 
as system size is increased, the range of agree- 
ment improves. 

This provides a direct test of the fractional- 
ized charge. The fit of all the scaling functions 
uses only a single adjustable parameter, the non- 
universal velocity ratio Vxy/Vkagome- In the limit 
of vB/L — o, the winding numbers become 
large, and both the projected and unprojected 
winding-number distributions converge to ap- 
proximate Gaussians, so the projection onto even 
numbers has little effect on the variance. Then, 
one will observe (W2)xy+ = (1/4)(W2)xy, where 
the subscripts denote the two different univer- 
sality classes and we assume both models are at 
the same ratio vB/L. However, testing this agree- 
ment is difficult as it requires an accurate mea- 
surement of the nonuniversal velocity. In fact, 
the best way we have found to measure the non- 
universal velocity (as the high-temperature mea- 
surements are complicated by the magnetic 
excitations) is to study the full distribution of 
scaling functions, which provides a much more 
stringent test. Note also that the scaling func- 
tions of the unprojected XY model are very dif- 
ferent from the projected functions at moderate 
v/LB, where both functions are strongly non- 
Gaussian and non-Poissonian. 
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As mentioned above, Fig. 3 shows slow 
convergence to universal scaling in the high- 
temperature critical regime (small vB/Z). To under- 
stand this, we have considered the phase diagram 
of the model as a function of V/t and temperature 
T. At small V/t, the model is superfluid at zero 
temperature, with a continuous transition at nonzero 
temperature, which is likely Kosterlitz-Thouless. 
There is some evidence that at larger V/t, but 
still below the critical point, the phase transition 
becomes first-order, similar to behavior seen in 
(31). This is probably due to vortices where the 
phase of @ winds by z, which are more relevant 
at long length scales than the usual 27 vortices. 
Close to the critical point, the transition might 
return to being continuous at nonzero temperature 
(32). However, the presence of low-energy Z, mag- 
netic vortices has a strong effect on the nonzero 
temperature properties. 

The scenarios that are consistent with the 
numerical data are those for V >> t; the electric 
defects have an energy of order Vand so are of 
much higher energy than the magnetic defects. 
Increasing ¢ reduces the energy of the electric 
defects due to gain in kinetic energy, until this 
energy vanishes at the transition. However, even 
a few magnetic defects can strongly influence the 
winding-number distribution; the number of mag- 
netic defects is roughly L*exp(—const./T), where 
“const.” is a constant, and so for 7 ~ 1/L, the num- 
ber of magnetic defects is exponentially sup- 
pressed, but for moderate L, the prefactor leads 
to a substantial effect manifest as slow conver- 
gence of the scaling function at small B/L, as 
shaded in orange in Fig. 3. 

We have conclusively established the exis- 
tence of a phase transition with deconfined frac- 
tionalized excitations in QMC simulations of a 
physical model of lattice bosons. The topolog- 
ical properties of this transition are demonstrated 
by universal scaling functions of the winding 
number. This test of the fractionalized charge 
uses the full winding distribution and may be 
regarded as a strongly interacting analog of cur- 
rent fluctuation measurements used experimen- 
tally to test fractionalized charge, as in (33). The 
full winding distribution can be determined from 
the dependence of the free energy on flux through 
the torus and, hence, may be experimentally ac- 
cessible using methods as in (34). It would be 
interesting to develop these experimental ideas 
further, perhaps in the context of herbertsmithite 
(35), which may contain a quantum critical point 
in the XY* universality class (36). 

One can imagine more general deconfined 
quantum critical points with other gapped gauge 
fields, such as a Z, gauge field. Lattice models 
for such theories are lacking, but if found, the wind- 
ing number distribution that we have intro- 
duced will present a clear test of the universality 
class. The fact that topological properties remain 
important even at the critical point suggests that 
such systems, despite being gapless, might be 
useful for quantum computing applications in 
the future. 
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Antiferromagnets 
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Control of magnetism on the atomic scale is becoming essential as data storage devices are miniaturized. 
We show that antiferromagnetic nanostructures, composed of just a few Fe atoms on a surface, exhibit 
two magnetic states, the Néel states, that are stable for hours at low temperature. For the smallest 
structures, we observed transitions between Néel states due to quantum tunneling of magnetization. 
We sensed the magnetic states of the designed structures using spin-polarized tunneling and switched 
between them electrically with nanosecond speed. Tailoring the properties of neighboring antiferromagnetic 
nanostructures enables a low-temperature demonstration of dense nonvolatile storage of information. 


anometer-scale ferromagnets are used as 
Nee bits to hold information in mass 
storage devices. Antiferromagnets have 
been difficult to switch and sense because of their 
lack of net magnetic moment, but they offer ad- 
vantages such as insensitivity to magnetic fields. 
In ferromagnetic materials, the magnetic mo- 
ments of the constituent atoms align, yielding 
a net magnetic moment. The direction of this 
magnetization can be changed by the application 
of a magnetic field or by spin-polarized currents 
(J). As magnetic devices shrink toward atomic 
dimensions, new tools to fabricate and probe 
them with atomic resolution are emerging (2-4). 
These have revealed magnetic bistability in fer- 
romagnetic islands (5, 6) and chains (7), having 
as few as 30 atoms, as well as in metal-organic 
molecules (8—/0). 
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STM tip 


Fig. 1. Bistable AFM array of Fe atoms. (A) Schematic of atoms on a surface 


Magnetic atoms 


Antiferromagnets have neighboring atoms with 
counteraligned magnetic moments. The absence 
of a net magnetic moment makes imaging the 
magnetic structure of antiferromagnets more dif- 
ficult. Antiferromagnetic (AFM) domains in thin 
films have been imaged using x-ray scattering 
(1). On the atomic scale, the spin structure of 
antiferromagnets has been observed by scanning 
tunneling microscopy (/2, /3) and atomic force 
microscopy (/4). So far, controlled switching of 
antiferromagnets has required the help of nearby 
ferromagnetic domains (/5), magnetoelectricity 
(/6), or optical pulses (/7). We investigated the 
role that AFM nanostructures can play as can- 
didates for magnetic storage and spintronic devices. 

We assembled AFM nanostructures with a 
low-temperature scanning tunneling microscope 
(STM) by placing Fe atoms in a regular pattern 
on a surface (Fig. 1A). The spins of neighboring 
Fe atoms couple antiferromagnetically by an ex- 
change interaction with strength J = 1.2 meV 
(/8) (fig. S1). The Fe atoms were placed at a 
binding site on a Cu5N surface, for which Fe has 
a large magnetic anisotropy field that aligns its 
spin to the resulting easy axis (/9). A magnetic 
field of up to 6 T was applied in order to make the 
microscope’s tip spin-sensitive by polarizing its 


B Néel State ‘0’ 


D Néel State ‘1’ 


coupled antiferromagnetically with exchange energy J. Surface-induced 
magnetic anisotropy fields cause the spins of the atoms to align parallel to the easy magnetic axis, D. A spin-polarized STM tip reads 
the magnetic state of the structure by magnetoresistive tunneling. A magnetic field applied parallel to D polarizes the tip. (B) Spin- 
polarized STM image of a linear chain of eight Fe atoms assembled on a Cu2N overlayer on Cu(100). This is a constant-current image using 2 mV and 1 pA. Spins 
are in Néel state 0. (C) Section through center of chain in (B) with the spin orientation of each Fe atom indicated by colored arrows. (D and E) Same as (B) and (C) 


but in Néel state 1. 


—dtnm 


magnetic apex (/8) and in order to test the effect 
of magnetic field on the nanostructures. 

In assemblies of just a few magnetic atoms, 
the atomic spins often couple to form quantum 
superposition states (20). For AFM coupling, this 
results in a singlet ground state, characterized by 
a wave function in which all spins populate op- 
posing spin states equally (2/). In contrast, we 
find that isolated AFM structures with as few as 
six Fe atoms exhibit stable Néel states, in which 
the spin orientation alternates between neighbor- 
ing atoms. These states can be well described by 
the classical Ising model (22), in which the spins 
always point along one axis. Spin-polarized STM 
images of a linear eight-atom chain (Fig. 1, B 
to E) can clearly distinguish the two Néel states. 
The spin-polarized STM tip forms a magnetic 
tunnel junction in which the conductance alter- 
nates between high (parallel alignment of tip and 
sample spins) and low (antiparallel alignment) as 
the tip passes from atom to atom along the chain 
(12, 13, 23). Identical chains built from Mn atoms 
do not show the magnetic bistability and do not 
exhibit a spin-polarized contrast along the chain 
(fig. S2). A key difference between Fe and Mn 
chains is the strength of the magnetic anisotropy, 
which is ~50 times stronger in Fe than in Mn on 
this surface (19). The strong easy-axis anisotropy 
of Fe evidently stabilizes the two Néel states as 
observable magnetic states. 

The stability of the magnetic states was not 
affected by imaging them using an applied voltage 
of <2 mV, but voltages in excess of ~7 mV 
caused switching. To intentionally switch the mag- 
netic state of the entire antiferromagnet, the tip 
was held stationary over any Fe atom of the struc- 
ture, and tunnel current was passed through it at 
>7 mV until a step, indicating a change in mag- 
netic state, was observed in the current (Fig. 2A). 
Subsequently, the voltage was lowered to prevent 
further switching. Near the 7-mV switching thresh- 
old, the Néel state in which the spin of the atom 
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under the tip is aligned with the magnetic field 
was occupied ~90% of the time (Fig. 2A). This 
directionality offers a path toward controlled di- 
rectional switching. An alternative process to switch 
AFM structures, the use of spin transfer torque 
(J, 5), has previously been proposed (24, 25). 

We found that the state switched most readily 
when the tip was placed over an end atom of a 
chain. The switching between magnetic states 
was found to occur stochastically, with a uniform 
probability per unit of time, which we character- 
ized by means of a switching rate (/8) (fig. S3). 
This rate increased rapidly when the tunneling 
current was increased. 

With increasing voltage, the switching rate 
exceeded the bandwidth of the STM’s current 
amplifier, so a pulsed-voltage scheme was used 
to determine the fast switching rates (Fig. 2B). 
Submicrosecond pulses were applied to the junc- 
tion (26), and each pulse was followed by a low- 
voltage window in which the resulting magnetic 
state was detected (/8). The switching rate in- 
creased faster than in proportion to the voltage up 
the highest voltage tested, with switching times 
of ~20 ns at 0.5 V (Fig. 2C). This demonstrates 
electrical switching of the AFM nanostructures at 
high speeds and femtojoule energies. 


A 


To investigate the stability of the Néel states, 
we examined the thermal switching rates of linear 
chains of Fe atoms with varying length, (1xv), 
and arrays of two coupled chains, (2xn) (Fig. 3). 
All structures containing eight or more atoms 
were found to be stable at the lowest temperature, 
0.5 K. Spontaneous flipping between the two 
Néel states sets in with increasing temperature. 
Structures with more atoms remain stable to 
higher temperatures (Fig. 3, A to C) (6, 27). 

Above ~5 K, the switching rates of the (16), 
(1x8), and (2x6) arrays follow the Arrhenius law 
with comparable spin reversal barriers, Ey ~ 7 to 
12 meV, and exponential prefactors, py ~ 108 s! 
(Fig. 3E and table $1). This prefactor falls in the 
typical range, 10’ to 10'*, found for ferromagnetic 
nanoparticles (5, 28) and magnetic molecules 
(29). The values for Eg are comparable to the 
threshold for voltage-induced switching (Fig. 
2C) and to the energy 2 S°J= 9.6 meV (S =2 
for Fe) needed to create a single Ising domain 
wall within one of the chains by flipping one 
or more consecutive spins at the end of a chain 
(22). This indicates that current- and temperature- 
induced switching between the two Néel states 
is accomplished by propagating domain walls 
along each chain. 
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Fig. 2. Switching between Néel states induced by 


tunneling electrons. (A) Tunnel current as a function of 
time at 7 mV. The tip is placed over an end atom of a 
(1x8) Fe chain. The chain switches its magnetic state 
about twice per second. (B) Same as (A) but with 
pulsed voltage V to demonstrate fast switching. Pulses 
of 0.5 V and 10-ns duration were applied every 10 ms 
(at dashed vertical lines). Between pulses, only 2 mV 
was applied (below the threshold for switching) to 
sense the magnetic state. (C) Switching rate versus sam- 
ple voltage V. Voltage was applied continuously for 
IVI < 10 mV and as 5- to 1000-ns pulses for IV] > 10 mV. 
Green circles indicate transitions from low to high 
current; blue squares indicate high to low. Open symbols 
were recorded at negative sample voltage. Magnetic 
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field 1 T and temperature 0.5 K for all panels. Tip-sample distance was set at 20 pA and 2 mV for (B) and (C). 
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Below ~S K, the switching rates of the (1x6) 
and (1x8) chains become independent of temper- 
ature. Such behavior is consistent with quantum 
tunneling of magnetization (30), which is typi- 
cally observed in few-atom molecular magnets 
(8, 9) and also occurs in magnetic nanoparticles 
(28). Here, it causes the AFM nanostructures to 
evolve between the two Néel states, thus limiting 
their stability even though thermal switching is 
frozen out. Comparison of the structures of Fig. 
3E highlights two avenues to reduce quantum tun- 
neling: First, through increasing the chain length. 
The addition of two atoms, from (16) to (1*8), 
reduced the tunneling rate 1000-fold. Second, 
through the coupling of two chains, from (16) to 
(2x6) as shown in Fig. 3D. Even though the spin 
coupling between chains of J’ = 0.03 meV per 
atom (/8) is much weaker than the exchange 
coupling within a chain, J, it suppresses tunneling 
markedly. The large difference in the strength of 
J and J’ is linked to the Cu,N surface’s crystal 
structure and is evidence of a superexchange- 
mediated interaction in the Cu2N molecular 
network (/8—20) (fig. S1). 

A different manifestation of quantum tunnel- 
ing of magnetization can be found in the (24) 
array, which has a much reduced exponential 
prefactor and energy barrier, 1.5 meV. This en- 
ergy is comparable to 4 x 2 S°J’= 1.1 meV, the 
energy required to frustrate the weak coupling 
between the two short chains. This low barrier 
and the much-reduced exponential prefactor of 
only py = 5 x 10° o. indicate a reversal process 
in which one entire chain switches in a thermally 
assisted tunneling process (29). 

The thermal switching rates were found to be 
independent of magnetic field (fig. S4), and both 
Néel states were occupied for equal amounts of 
time (fig. S3), showing that these AFM arrays are 
fully spin-compensated. The AFM nanostructures 
are magnetically stable even in the absence of an 
external magnetic field (fig. S6). 

The (26) array is highly stable at low tem- 
peratures, where switching was observed so rare- 
ly that no tunneling rate could be derived. We 
experimentally determined a lower limit for the 
stability of these arrays of less than one switching 
event per 17 hours at 0.5 K. 

A challenge to miniaturizing the bits in fer- 
romagnetic storage media is the interaction of 
neighboring bits because of their dipolar mag- 
netic fields (37). This would not be present in 
AFM storage media. At atomic dimensions, how- 
ever, exchange interactions can still cause un- 
desired coupling between neighboring bits (27). 
Figure 4A shows an AFM byte, a dense packing 
of eight (2x6) Fe arrays, with each array rep- 
resenting one bit of information. The structure 
was engineered to have reduced bit-to-bit ex- 
change interactions. Neighboring bits were stag- 
gered in a way that places the atoms of any 
given bit symmetrically between the atoms of 
the neighboring bits, resulting in a near-perfect 
cancellation of bit-to-bit exchange couplings 
through geometric frustration (Fig. 4B) (23). 


13 JANUARY 2012 


Downloaded from www.sciencemag.org on January 12, 2012 


REPORTS 
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Fig. 3. Thermal stability of AFM arrays. (A to C) STM images of (2x6) and (2x4) 
arrays of Fe atoms. (A) 1.2 K. Both arrays have stable Néel states. (B) 3.0 K. The E 
smaller array switched rapidly during the image. (C) 5.0 K. Both arrays switched 
rapidly. Image size, 7.7 x 7.7 nm. Image was taken at 2 mV and 3 pA, and image 


acquisition time was 52 s. (D) Schematic of the atomic positions of Fe and Cu.N — 1 

substrate atoms in (2xn) and (1xn) arrays. Cu atoms, yellow; N atoms, light blue. 40 
Ball colors depict the spin alignment of one Néel state, with red being parallel 
and blue antiparallel with the tip’s spin. (E) Arrhenius plot of the switching rates © 

for the arrays of (A) and a (1x8) and (1x6) chain (fig. $5). The determination of 2 1 
switching rates is explained in fig. $3. Magnetic field was 3 T. Fig. S4 shows 5 

comparison to a 1-T field. Fit parameters are given in table $1. = 0.1 
n 

0.01 


Fig. 4. Ultradense AFM data 
storage. (A) Non—spin-polarized 
STM image, 24 x 8 nm, of eight 
(2x6) arrays assembled from 
Fe atoms. (B) Schematic of the 
bits in (A), with colors as in Fig. 
3D. J, and J,': pairwise can- 
celing exchange couplings be- 
tween atoms in neighboring bits. 
(©) Information storage in a mag- 
netic byte. A color-coded dif- 
ference between spin-polarized 
and spin-averaged images is 
shown, with red correspond- 
ing to higher tip height and 
blue to lower tip height in the 
spin-polarized image. (Top) All 
eight bits in logic 1 state (as 
defined by the spin orientation 
of the top two Fe atoms in each 
bit). (Middle) Alternating pat- 
tern of 1 and 0. (Bottom) All 0. 
More bit patterns are shown in 
fig. $7. 


Each of the eight bits shown in Fig. 4A can be 
switched without perturbing the state of the other 
bits. Figure 4C and fig. S7 show short sequences 
of test arrangements written into the byte. These 
configurations are stable over a time scale of hours, 
and readout was achieved by topographic imag- 
ing. Each bit occupies an area of only 9 nm’. 

The arrangement of Fe atoms that form each 
bit in the byte is a variant on the (2%6) array 
(compare Fig. 3D and Fig. 4B), in which the ends 
of each bit are beveled to give the endmost atoms 
of each bit the same spin orientation. This pro- 
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vides clarity in viewing the state and shows that 
the exact arrangement of atoms is not critical for 
magnetic stability. 

Our results demonstrate that switchable nano- 
scale antiferromagnets are candidates for future 
memory, storage, and spintronic applications. 
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Composites Reinforced in 
Three Dimensions by Using 
Low Magnetic Fields 


Randall M. Erb, Rafael Libanori, Nuria Rothfuchs, André R. Studart* 


The orientation and distribution of reinforcing particles in artificial composites are key to 

enable effective reinforcement of the material in mechanically loaded directions, but remain 
poor if compared to the distinctive architectures present in natural structural composites such as 
teeth, bone, and seashells. We show that micrometer-sized reinforcing particles coated with 
minimal concentrations of superparamagnetic nanoparticles (0.01 to 1 volume percent) can be 
controlled by using ultralow magnetic fields (1 to 10 milliteslas) to produce synthetic composites 
with tuned three-dimensional orientation and distribution of reinforcements. A variety of 
structures can be achieved with this simple method, leading to composites with tailored local 
reinforcement, wear resistance, and shape memory effects. 


he widespread use and increasing rel- 
| evance of composite materials are primar- 
ily due to their higher strength-to-weight 
ratio (specific strength) compared to metals, and 
higher toughness (flaw tolerance) compared to 
ceramics. Polymer-matrix composites are predom- 
inantly assembled with ceramic, metal, or poly- 
meric one-dimensional (1D) reinforcement such 
as glass, steel, aramide (Kevlar), or carbon long 
fibers. These fibers are typically tens of micro- 
meters in diameter and increase the strength and 
stiffness along the long axis of the reinforce- 
ment because of the transfer of stress across the 
reinforcement-polymer interfaces parallel with 
the load. (7) However, 1D reinforcement makes 
manufactured materials weak in the other two 
dimensions, which can be partially overcome through 
laminating 1D layers at varied angles, weaving 
fibers into 2D arrays, by using 2D reinforcement 
particles such as platelets or synthesizing lamellar 
structures (/—9). 

Few 3D reinforcement solutions have been 
proposed to reinforce artificial composites, in- 
cluding the insertion of out-of-plane fibers by 
mechanical punching (/0); the formation of spe- 
cial fiber arrays by using textile processes like 
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weaving, braiding, stitching, and knitting (7/7); and 
the growth of aligned carbon nanotubes on the 
surface of the reinforcing woven fibers (2, 13). 
Three-dimensional reinforcement is also present 
in composites containing randomly oriented short 
fibers or platelets. However, these approaches 
either lead to a decrease in in-plane mechanical 
properties or do not allow for deliberate control 
over the distribution and 3D orientation of high 
concentrations of reinforcing nano- and micro- 
particles. The lack of controlled reinforcement in 
the third dimension makes manufactured compos- 
ites susceptible to impact damage (2, /4), wear 
(/5), longitudinal microbuckling of fibers (/6), 
delamination (2), and long-term fatigue (/3, 17). 

Structural biological composites tackle this 
problem by accurately controlling the orientation 
of anisotropic nano- and micro-sized building 
blocks so as to reinforce the material in specif- 
ic directions to multidirectional external loads 
(18-20). Examples include the spiral twisting 
of mineralized collagen fibrils in bone (2/); the 
out-of-plane oriented calcite prisms and in-plane 
oriented aragonite platelets in the outer and inner 
layers of seashells, respectively (22); and the out- 
of-plane oriented hydroxyapatite prisms and in- 
plane oriented mineralized collagen fibrils in 
tooth enamel and dentin, respectively (23). Cap- 
turing some of the design principles underlying 
the exquisite architecture of such biological 
materials would allow us to overcome many of 


the mechanical limitations of current artificial 
composites. 

We propose a strategy to obtain microstruc- 
tured artificial composites exhibiting 3D archi- 
tectures and enhanced mechanical behavior. The 
approach relies on the application of external 
magnetic fields and field gradients to align and 
position anisotropic reinforcing microparticles 
within the composite matrix. As typical rein- 
forcing particles are often diamagnetic, requir- 
ing extremely high magnetic fields for alignment 
(~1 T) (24), we first coat them with superpara- 
magnetic nanoparticles to make them more re- 
sponsive to magnetic fields. Though a similar 
method has been previously used (25) to align 
carbon nanotubes with fields in the range 0.2 
to 1 T, we have discovered through experiments 
and theoretical energy models that using the right 
geometry of reinforcement particles leads to an 
ultrahigh magnetic response (UHMR). Indeed, 
the magnetic field required to align the reinforce- 
ment particles can be reduced to the value of 
0.8 mT. This alignment field is only an order of 
magnitude above Earth’s natural magnetic field 
(~0.05 mT) and is orders of magnitude below the 
magnetic field of rare-earth magnets (~200 mT), 
common solenoids (~20 mT), and even standard 
refrigerator magnets (~10 mT). 

To determine the optimum particle size that 
will show an UHMR effect, we theoretically pre- 
dict the minimum magnetic field required for 
alignment, Hin, for different sizes, aspect ratios, 
and geometries of reinforcing elements. The de- 
pendence of Hyyin on the size of nonmagnetic 
platelets and rods coated with magnetic material 
can be estimated by computing the difference in 
magnetic (U,) and gravitational (U,) energies 
of the system as compared to the internal thermal 
energy (kgZ; where kg is the Boltzmann factor 
and T is temperature) that serves to randomize 
alignment. The magnetic energy U,,, is calculated 
with an ellipsoidal shell model that reflects that 
the slight amount of magnetic material lies only 
in an outer layer coating the reinforcing element 
(SOM text). The magnetic energy is dependent 
upon the particle’s orientation with respect to the 
magnetic field, y, and is smallest when the long 
axis of the particle is parallel with the applied 
magnetic field (y = 0°). Further, the gravitational 
energy of a particle resting on a horizontal sur- 
face is also dependent upon the orientation with 
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respect to the surface, 8, and is smallest when 
the particle’s long axis is parallel with the sur- 
face (8 = 0°). 

To estimate the minimum magnetic field re- 
quired for alignment, we describe the system in 
terms of a canonical partition function Z, with 
the out-of-plane alignment as one of the possible 
energy states. We consider the case of out-of- 
plane magnetic fields, for which y = 90° —6. The 
effect of the particle characteristics on Hypin 1S 1n- 
vestigated by computing the magnetic field strength 
that ensures that most UHMR particles in sus- 
pension exhibit a reasonably good alignment— 
i.e., angles within the range 75° to 90°. The prob- 
ability P7599 that 90% of the UHMR particles are 
within this range can be determined by dividing 
the Boltzmann factor of this out-of-plane state by 
the partition function as follows: 


90° 
Py5--9° = J elUm(Frnins) ~ Up(®)I/kaT gg / 7=09 
dae 


90° 
where Z = [ elUm(Hninv) ~ Us(@l/tsT gg (1) 
0 


Here, Z is the sum of the Boltzmann factors of all 
possible states of orientation of the particles. The 
equations used to calculate the potential energies 
Um and U, are available online (SOM text). To 
simplify the analysis and obtain a first approx- 
imation for Hinin, we neglect the contributions 
of orientational and packing entropy to the free 
energy of the system (26). This simplification is 
partly justified in that packing entropy is only rel- 
evant for particle concentrations higher than those 
used in most of our experiments (14.2 vol % 
platelets, SOM text). 

Our model predictions indicate that the align- 
ment of nonmagnetic platelets and rods of 5 and 
10 um in length, respectively, with modest sur- 
face coatings of iron oxide nanoparticles (~0.5 
vol %) requires fields that are orders of magnitude 
lower than for particles with different geometries 
(Fig. 1, A and C). Thermal and gravitational en- 
ergies dominate for particles smaller and larger 
than a few micrometers, respectively, which sub- 
stantially increases the field required for alignment. 

To verify the theoretical analysis, we apply 
magnetic fields to surface-magnetized platelets 
and rods with average size within the optimum 
range required for alignment. The magnetized 
surface coating is formed upon addition of the 
reinforcing particles to an aqueous suspension 
of 12-nm iron oxide nanoparticles with opposite- 
ly charged surface at a specific pH. Under these 
conditions, adsorption is driven through electro- 
static interactions and is further enhanced by 
short-range van der Waals attraction, eventually 
becoming irreversible. We investigate both 7.5-m- 
long, 200-nm-thick alumina platelets (Alusion, 
Antaria, Bentley, Australia) and 10-11m-long, 1-um- 
thick calcium sulfate hemihydrate rods that ex- 
hibit, respectively, positive and negative surface 
charge in water at pH = 7 (27). To coat such re- 
inforcing elements, we add 1 vol % particles (plate- 
lets or rods) in aqueous suspensions of 0.0052 


vol % oppositely charged iron oxide nanoparti- 
cle suspensions (anionic EMG-705 or cationic 
EMG-605, Ferrotec, Germany) until complete 
adsorption occurs (Fig. 1E). 

The magnetic field required to align the 
surface-magnetized platelets and rods agrees very 
well with the theoretical estimates (Fig. 1, B and 
D, and movie S1), confirming that it is possible 
to orient reinforcing elements of a few microme- 
ters in length by using very low magnetic fields. 
Changing the initial concentration of iron oxide 
nanoparticles in the suspension controls the mag- 
netization of the reinforcing particles. We have 
found that the selection of anisotropic particles 
within the optimum size range enables minimum 
use of the iron oxide nanoparticles, down to 
even a few hundred parts per million (0.01 vol %) 
of magnetic particles with respect to the rein- 
forcing element. Such a concentration of mag- 
netic particles requires a field of 30 mT (Fig. 1F). 

This UHMR effect is favored by the 2D con- 
finement of magnetic nanoparticles on the sur- 


A 10 
Ee 
a 8 
= 
@ 6 
we 
5 

A 
E Thermally 
| Randomized 
= 2 

off 

10 10° 102 
Platelet Diameter (tum) 

Cc 


Magnetic 
Aligned 


Thermally 
Randomized 


Alignment Field (mT) 


10? 
Rod Length (um) 


20 um 
= 


face of the reinforcing particles. The field required 
for alignment of the hypothetical case in which 
magnetic particles are homogeneously distrib- 
uted throughout the entire volume of the reinforc- 
ing element is 69% larger than if the magnetic 
nanoparticles are only on the surface (SOM text). 
The confinement of magnetic nanoparticles to 
increase the magnetic response of anisotropic ob- 
jects is in fact also used by magnetotactic bacteria 
to align themselves along Earth’s magnetic field 
to find regions in the ocean with low oxygen 
concentrations (28). 

The ultrahigh magnetic response of the coated 
anisotropic particles is of general interest in ap- 
plications that require combined spatial and ori- 
entational control of suspended particles (29). We 
exploit this effect to orient reinforcing particles in 
a polymer matrix and thus obtain artificial com- 
posites exhibiting distinctive mechanical reinforc- 
ing and shape memory effects. 

Reinforced composites with controlled orienta- 
tion of reinforcements are prepared by dispersing 
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Fig. 1. Ultrahigh magnetic response (UHMR) of surface-magnetized rods and platelets. The theoretical 
minimum alignment field, Hypin, is plotted for (A) platelets (aspect ratio, s = 37) and (C) rods (s = 30) with 
a surface coating of magnetic nanoparticles of 0.5 vol %. Specific gravity values of 3.98 and 2.5 g/cm? 
were used in the calculations, consistent with the experimentally studied alumina platelets and calcium 
sulfate rods, respectively. Iron oxide—coated (B) alumina platelets and (D) calcium sulfate hemihydrate 
rods with optimum sizes exhibit an ultrahigh magnetic response, aligning with the extremely low mag- 
netic fields predicted by the theory. (E) Example of 0.5 vol % (13% surface coverage) of iron oxide 
nanoparticles on an alumina platelet that leads to alignment at 1 mT consistent with theory in (F). 
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UHMR anisotropic particles in a fluid, aligning 
and positioning them with a magnetic field, and 
finally consolidating the fluid to fix the oriented 
structure. Consolidation may occur through sol- 
vent evaporation if the fluid is a polymer solution, 
through temperature- or light-induced reactions if 
the fluid is a monomeric solution, or by simply 
cooling a molten polymeric matrix. We find that 
the higher viscosity of some of the polymer so- 
lutions and resins used for composite fabrica- 
tion slows the orientation process but does not 
change the minimum magnetic field required for 
alignment. 

Examples of composites obtained by applying 
linear, uniform magnetic fields to fluid suspen- 
sions containing magnetite-coated alumina plate- 
lets, thermoplastic polyurethane elastomer (PU, 
Elastollan C 64 D 53, BASF), and polyvinyl- 
pyrrolidone (PVP, Sigma-Aldrich, molecular mass 
360,000 g/mol) are shown in Fig. 2, A, B, F, and 
G. In these examples, 2.4 g of platelets, 2.2 g of 
polyurethane, and 0.75 g of polyvinylpirrolidone 
were suspended or dissolved in 150 ml of di- 
methylformamide (DMF, Sigma-Aldrich), and the 
end composites contained 60 vol % PU, 20 vol% 
PVP, and 20 vol % alumina. The orientation of 
the UHMR particles in the consolidated ma- 
trices directly reflects the direction of the mag- 
netic field applied. Magnetic alignment and 
fixation of the UHMR platelets were also pos- 
sible by using epoxy and acrylate-based resins as 
polymeric matrix. 

In addition to homogeneously reinforced poly- 
mers, multilayer composites are easily obtained 
by laminating together layers of reinforced poly- 
mer with specific orientations (Fig. 2, C and H). 
The resulting composites exhibit an external lay- 
er with out-of-plane oriented platelets and an in- 
ternal layer with in-plane oriented platelets. This 
should lead to a highly structured artificial com- 
posite displaying the unusual and often-desired 
combination of hardness and wear resistance in 
the outer layer and strength and toughness in 
the inner layer by using the same basic building 
blocks. Single-batch synthesis composites with 
this architecture can also be prepared simply by 
mixing reinforcing particles with different mag- 
netic nanoparticle coverage during processing and 
then applying a combination of magnetic fields. 
To demonstrate this, we added 4.025 g each of 
platelets with 13% and 1% surface coverage of 
iron oxide to 20 g polyurethane (RoPlasthan 
2020R, resin-to-hardener weight ratio 3:1) and 
poured the mixture into a polyethylene mold. The 
sample was then subjected to an 80-mT horizon- 


composites. (A and B) Schematic and (F and G) top-view scanning electron micrographs (SEMs) of in- tal field for 5 ae followed by a 10-m®r vertical 
plane and out-of-plane reinforced composites (20 vol % Al,O; in polyurethane), made without and __ field for 10 min. The resulting structure shows 
with an out-of-plane magnetic field, respectively. (C) Schematic and (H) SEM of cross section of _ Platelets in both configurations, depending upon 
laminated layers of in- and out-of-plane reinforced composites (20 vol% Al,O3 in polyurethane). (D) _ their surface coverage (Fig. 2, D and I). Further, 
Schematic and (I) SEM of cross section of mixed alignment with 5 vol % highly magnetized (1 wt % because of the low concentration of iron oxide 
Fe;0,/Al,03) and 5 vol % weakly magnetized (0.1 wt % Fe;0,/Al,03) alumina platelets in poly- | Nanoparticles within the composite and the slight 
urethane produced with sequential magnetic field applications. Arrows indicate platelets in the second permeability of water through the polyurethane 
orientation direction. (E) Schematic and (J) SEM of cross section of an alumina-polyurethane composite matrix, in this system it is even possible to com- 
formed under rotating magnetic field that allows for ultrahigh packing fractions. Inset shows top view _ pletely remove magnetic iron oxide nanoparticles 
of composite. for applications that forbid even this slight mag- 
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Fig. 2. In-plane and out-of plane alignment of 
UHMR alumina platelets in polyurethane-based 
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netic content. This can be accomplished by sub- 
merging the consolidated material in a permeating 
phosphoric acid aqueous solution to completely 
dissolve the iron oxide nanoparticles without af- 
fecting the orientation of reinforcing particles 
(fig. $3) (27). 

Although the alignment of platelets by using 
linear, static magnetic fields allows for the prep- 
aration of composites with unusual structures and 
properties, the concentration of platelets aligned 
in the out-of-plane direction is limited to about 
20 vol % due to steric hindrance effects resulting 
from the lack of orientational control over the 
second axis of platelets. This issue can be circum- 
vented by using rotating, linear magnetic fields. 
A rotating field in the ¥Z plane will align the 
reinforcement platelets along this plane due to 
energy considerations, pinning two degrees of 
orientational freedom (Fig. 2, E and J). This align- 
ment is contingent upon the frequency of the 
rotating field being high enough to prevent syn- 
chronous rolling of misaligned platelets. Through 
such biaxial alignment of the reinforcement 
platelets, it is possible to reach very high con- 
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centrations of out-of-plane aligned platelets, even 
50 vol %. 

Control of the orientation of reinforcing par- 
ticles enables tailoring of properties in specific 
directions. We investigated the effect of the ori- 
entation of reinforcing particles on the mechani- 
cal behavior of homogeneously reinforced polymers 
by measuring the tensile mechanical properties 
of specimens containing reinforcement aligned 
parallel or perpendicular to the applied load (Fig. 
3A). The reinforced sample containing 20 vol % 
parallel-aligned platelets exhibits on average 63% 
and 86% higher yield strength as compared to the 
pure matrix and the perpendicular-aligned plate- 
lets, respectively. Likewise, the average elastic 
modulus of the composites with parallel-oriented 
platelets was 2.8-fold higher as compared to the 
pure polyurethane matrix, whereas a moderate 
increase is observed if compared with composites 
having perpendicular-aligned platelets (table S1 
and SOM text). 

We use simple rules of mixtures (5) to obtain 
a quantitative relation between the aligned ar- 
chitecture and the resulting mechanical properties 
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of the composites. Assuming pull-out mode of 
fracture, the yield strength, 6,, of the composite is 
given by 


Ge =F +(1-4))5m (2) 


where 1, is the shear strength of the lesser of ei- 
ther the polymer matrix or the platelet/polymer 
interface, s is the platelet aspect ratio, o,, 1s 
the yield tensile strength of the matrix, and 9, 
is the volume fraction of platelets. Taking o,, = 
28.6 MPa (Fig. 3A), we find that the yield strength 
of the composite with in-line reinforcement (o, = 
46.8 MPa) can be accurately described by Eq. 2 
if the value of 1, is equal to 6.5 MPa. Such 1, is 
lower than the value of 14.3 MPa expected for 
the shear strength of the polymer matrix (6,, /2), 
suggesting that fracture in this case is controlled 
by the weaker platelet/polymer interface. This in- 
dicates that further reinforcement with parallel- 
aligned platelets is possible by optimizing the 
platelet/polymer interfacial bonding in this system. 

In addition to the tensile properties, hardness 
values were measured for homogeneous composites 
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Fig. 3. Enhanced mechanical properties of composites containing aligned UHMR 
platelets. (A) Representative increased tensile strength for polyurethane- 
based polymers with 20 vol % Al,O; platelets parallel with applied force (red) 
versus perpendicular (blue) and nonreinforced (green) samples. (B) Increased 
hardness for reinforced methacrylate resins with 10 vol % Al,O3 platelets 
parallel to the applied load versus perpendicular and nonreinforced samples. 
(C) Increased wear resistance for acrylate-based composite films of dental 
resins with 1 vol % added out-of-plane aligned Al,03 reinforcement. (D) 


Localized stiffening in a polyurethane film by using magnetically induced 
spatial gradients in the 3 vol % Al,O3 particle reinforcement. (E) Flexural 
modulus and out-of-plane hardness of bilayer rectangular bars (30 mm by 
5 mm by 3 mm) with different combinations of reinforcement orientation. The 
schematic drawings show the cross sections of the tested structures, with the 
bottom layer corresponding to the region subjected to tension in three-point 
bending and the top layer corresponding to the region subjected to out-of- 
plane hardness measurements. 
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with 10 vol % UHMR platelets in methacrylate- 
based composites. Samples with reinforcement 
particles oriented parallel to the applied load 
showed increased hardness compared to perpen- 
dicular reinforcement and nonreinforced samples 
(Fig. 3B). Composite films containing alumina 
platelets aligned out-of-plane also exhibit out- 
standing wear resistance. Wear was measured by 
sliding a zirconia ball subjected to a normal load 
of 1.98 N over acrylate-based composite films 
with double deionized water as lubricating me- 
dium (27). A commercial acrylate-based com- 
posite dental resin (Clearfil AP-X, Kuraray, Japan) 
with 85 wt % isotropic glass microparticles was 
subjected to wear testing (Fig. 3C) and demon- 
strated a total wear volume of 0.001 mm’. In- 
stead, a nominal 1 vol% of UHMR platelets were 
added to the resin in both the in-plane and out-of- 
plane orientations. Orientation of only 1 vol % plate- 
lets normal to the wear ball (out-of-plane) decreases 
the maximum wear volume by 77% as compared 


to the samples with in-plane oriented reinforce- 
ment. Such wear volume is also 45% lower than 
that observed in the pure commercial resin. Ob- 
servation of the worn area of tested films suggests 
that the out-of-plane oriented hard platelets re- 
main strongly locked within the surrounding poly- 
mer matrix, effectively impeding the penetration 
of the zirconia ball into the material during slid- 
ing. In contrast, isotropic particles and in-plane 
aligned platelets can be more easily removed from 
the matrix by the shear stresses developed under 
the sliding ball, leading to more pronounced 
wear. In contrast to the tensile mechanical prop- 
erties, a quantitative analysis of the effect of rein- 
forcement orientation on the hardness and wear 
of such anisotropic structures is less straightforward 
due to the complicated stress states in these cases. 

To illustrate the benefit of building compos- 
ites with controlled 3D reinforcement, we produced 
bilayer structures with tailored reinforcement ar- 
chitectures by laminating together layers of 10 


5mm 


Fig. 4. Unusual 3D reinforcement architectures through advanced orientational and spatial magnetic 
control. (A and B) Schematic and (D and E) SEMs of cross-section of a spatial gradient in UHMR particles 
attracted preferentially to the composite edge or around a material weak point, respectively, due to a 
magnetic field gradient. Composites are 5 vol % Al,03 in (D) polyurethane and (E) PVA. (C) Schematic of 
a standard refrigerator magnet’s domain structure leading to gradually varying UHMR particle alignment 
as seen in (G) for a 5 vol % Al,O3 in PVA swellable composite. Such structures can locally swell to different 
extents depending on the platelet orientation, leading to the reversible formation of topographical ripples 


in the polymer (F). 
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vol % alumina platelets in an epoxy resin (similar 
to those in Fig. 2C) (27). The platelets in each 
individual layer were aligned both in-plane or out- 
of-plane by using rotating linear magnetic fields, 
leading to the structures schematically shown in 
Fig. 3E. Rectangular bars of the various created 
structures were evaluated with regards to out-of- 
plane hardness and flexure modulus under three- 
point bending. Typically, structures containing 
platelets aligned in-plane exhibit high flexural mod- 
ulus but low out-of-plane hardness. Conversely, 
composites containing only out-of-plane oriented 
platelets exhibit higher out-of-plane hardness but 
lower flexural modulus. Instead, by creating a lam- 
inate structure exhibiting out-of-plane alignment 
in the upper layer and in-plane orientation in the 
bottom layer, one can produce a composite with 
both increased flexural modulus and increased 
out-of-plane hardness. Despite the much lower 
concentration of inorganic phase present in the 
synthetic composites, a similar architecture is 
found in seashells (22). 

Exploiting various conventional magneto- 
phoretic techniques with these UHMR reinforce- 
ment particles allows for the facile synthesis of 
even more elaborate composite architectures. For 
example, this technique can be used to concen- 
trate UHMR particles to specific regions of the 
film before consolidation of the matrix. In this 
case, a magnetic field gradient has to be estab- 
lished to drive the UHMR particles to the region 
of interest. This is exemplified in Fig. 4, A and D, 
by a polyurethane/alumina composite exhibiting 
out-of-plane aligned UHMR platelets that were 
concentrated on the surface of the film. To demon- 
strate that concentrated UMHR particles can lo- 
cally reinforce the polymer matrix, we conducted 
tensile tests on 2 mm by 12 mm by 0.1 mm 
polyurethane samples with a 5-mm stripe of re- 
inforced area produced with a hand-held rare- 
earth magnet (Fig. 3D). The highly heterogeneous 
composite obtained exhibit distinct local elastic 
moduli that can be estimated by using simple 
rules of mixtures (SOM text). Local stiffening 
of 180% was estimated by evaluating the elastic 
modulus of the reinforced and nonreinforced 
areas in independent tensile tests (Fig. 3D, SOM 
text). A straightforward extension of this method 
is to use spatial magnetic gradients to locally re- 
inforce around weak points of a composite part, 
as exemplified in Fig. 4, B and E, for a composite 
with 5 vol % UHMR particles in poly(vinyl al- 
cohol) containing a central hole (PVA, molecular 
mass = 13,000 to 23,000 g/mol, Sigma Aldrich). 

The possible reinforcement orientations that 
can be achieved are in principle only limited by 
the magnetic field patterns that can be created. 
Indeed, ordinary refrigerator magnets that exhibit 
multiple magnetic domain patterns can be used to 
produce composites with reinforcing particles 
that gradually change orientation across the film 
(Fig. 4, C and G). Such tailored local orientation 
of reinforcing elements is a key design principle 
to control organ movements in wood cells and 
wheat awns (30). The physical constraints im- 
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posed by the cellulose microfibrils specially ar- 
ranged on the plant cell wall lead to complex 
actuation behavior. Likewise, we demonstrate that 
PVA hydrogel films containing reinforcing plate- 
lets with gradually changing local orientation 
can reversibly change their shape from straight to 
well-defined wavy patterns upon drying or swell- 
ing of the hydrogel matrix (Fig. 4F). 

Given the possibility to precisely control the 
position and orientation of reinforcing particles 
within the matrix, the method outlined here offers 
a way to locally tailor the properties of composite 
materials by using the same set of initial building 
blocks. The myriad of unusual properties includ- 
ing out-of-plane global or local increases in com- 
posite stiffhess, strength, hardness, wear resistance, 
and the shape memory effect achieved by simply 
controlling the orientation and position of rein- 
forcing elements suggest the enormous potential 
of this approach. 
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Direct Kinetic Measurements 
of Criegee Intermediate (CH,00) 
Formed by Reaction of CH,! with 0, 
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Dudley E. Shallcross,? Craig A. Taatjes?* 


Ozonolysis is a major tropospheric removal mechanism for unsaturated hydrocarbons and proceeds via 
“Criegee intermediates”—carbonyl oxides—that play a key role in tropospheric oxidation models. 
However, until recently no gas-phase Criegee intermediate had been observed, and indirect 
determinations of their reaction kinetics gave derived rate coefficients spanning orders of magnitude. 
Here, we report direct photoionization mass spectrometric detection of formaldehyde oxide (CH200) 

as a product of the reaction of CH2! with O2. This reaction enabled direct laboratory determinations of 
CH200 kinetics. Upper limits were extracted for reaction rate coefficients with NO and H20. The CH,00 
reactions with SO2 and NO; proved unexpectedly rapid and imply a substantially greater role of 
carbonyl oxides in models of tropospheric sulfate and nitrate chemistry than previously assumed. 


olysis of alkenes proceeds via carbonyl oxide 
biradicals, in an ozonolysis mechanism that 
is now generally accepted (/). Because a large 
fraction of the tropospheric oxidation of un- 
saturated hydrocarbons is initiated by reaction 


iE 1949, Rudolf Criegee proposed that ozon- 
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with ozone (2), these biradical “Criegee inter- 
mediates” play a substantial role in the tropo- 
spheric budgets of secondary organic aerosols 
(SOAs), ozone, NO,, NO,, and HO,. For exam- 
ple, the OH radical, key to the oxidizing capac- 
ity of the troposphere, is formed by a sequence 
of photochemical reactions involving ozone: 


O; + hv > O ('D) + Op (1) 


O ('D) + HO — OH + OH (2) 


These reactions depend on the presence of 
sunlight and water vapor. However, field mea- 


surements (3) have shown that OH levels in 
winter and summer are very similar in UK ur- 
ban environments (4), despite the fact that in 
winter the efficiency of the reaction in Eq. 1 drops 
by at least 50%. Harrison et al. (4) showed that 
winter production of OH via ozonolysis of al- 
kenes, dominated by Criegee radical chemistry, 
makes up this difference. SOAs can also be ini- 
tiated by Criegee intermediate reactions (5, 6). 

Although decades of theoretical studies and 
indirect experimental evidence support the im- 
portance of Criegee radicals in the troposphere 
[e.g., (7)], the quantitative effects of their chem- 
istry remain uncertain (8) because it has been 
impossible to make direct measurements of 
Criegee reactions with key atmospheric spe- 
cies. Until now, determination of rate constants 
for Criegee reactions has been carried out by in- 
vestigating changes in the products of ozonolysis 
upon addition of different reagents or scavengers 
(9, 10). Interpretation of such experiments re- 
quires modeling the full complexity of ozon- 
olysis, in which the production, stabilization, 
and removal of Criegee intermediates are all 
imperfectly understood. Although an internal- 
ly consistent picture of Criegee chemistry has 
been slowly emerging (//), absolute rate coef- 
ficient estimates with key atmospheric species 
continue to range over 4 to 5 orders of magni- 
tude (12). 

Recently the photoionization spectrum of the 
simplest gas-phase Criegee intermediate, form- 
aldehyde oxide (which we denote as CH,O0), 
was measured in the chlorine atom-initiated oxi- 
dation of dimethyl sulfoxide (DMSO) (/3). In 
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the present work, another pathway to stabilized 
CH,00 is demonstrated: the reaction of CHI with 
O . The iodomethyl radical, CH2I, is an impor- 
tant intermediate in the breakdown of organic 
iodides, and its dominant fate is reaction with Oz 
(14). The CHI and O, reaction has several pos- 
sible product channels: 


CH)I + 0; + CH,IOO (a) 


CH,I + 0, > CH,0 + IO (3b) 


CH2I + O2 — I + CH20> (various isomers) 


(Gc) 


Eskola et al. (15) used laser photolytic ini- 
tiation and photoionization mass spectrometric 
detection to study this reaction and found that 
atomic iodine (channel 3c) is the principal direct 
product of the reaction at low pressures. We find 
that the coproduct isomer is CH,OO and that it 
can be formed in sufficient quantities to carry 
out direct chemical kinetics studies. 

In the present experiments, CH5I was produced 
by 248-nm photolysis of diiodomethane, CH21, 
at 298 K and 4 torr, in a large excess of O2. The 
reacting mixture was interrogated by tunable syn- 
chrotron photoionization mass spectrometry. A 
time-resolved mass spectrum from the CH2I,/O 
system is shown in Fig. 1. The resolution of the 
mass spectrometer is sufficient to establish that 
the nominal mass/charge (m/z) = 46 peak arises 
from CHO, and not, for example, C,H¢O (fig. 


40 
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S1). The formation rate of the m/z = 46 species 
is correlated with the disappearance rate of CHI 
(m/z = 141) (figs. S2 to $4), establishing that 
CH,00 is a direct product from the reaction of 
CH,I with O. Tuning the synchrotron photon 
energy allows a photoionization spectrum of the 
m/z = 46 species to be measured (Fig. 2). The 
photoionization spectrum agrees with that mea- 
sured for CH,OO in chlorine-initiated DMSO 
oxidation (/3) and with CCSD(T)/CBS (coupled- 
cluster with single and double excitations and per- 
turbative treatment of triple excitations/complete 
basis set extrapolation) calculations for the CH,O0O 
ionization energy (expected to be accurate to 
0.05 eV) (16). Dioxirane and formic acid have 
much higher ionization energies, 10.82 eV and 
11.33 eV (16, 17). The mass and the photoioni- 
zation spectrum support unambiguous assignment 
of the product as formaldehyde oxide, CH2O00. 
A small formic acid signal is observed at longer 
times (fig. S5), which could be produced by re- 
action of the Criegee intermediate. 

The longest CH,O0 lifetime observed, t ~ 2 ms 
(Fig. 3), is well below estimates for thermal 
isomerization or dissociation of CH,00 (/8, 19). 
Changes in decay rates with different wall coat- 
ings [supporting online material (SOM) text] 
suggest that heterogeneous loss contributes to 
CH,00 removal in these experiments. Formal- 
dehyde (CH,O) formation is correlated with the 
disappearance of CH,00, implying that most of 
the formaldehyde is produced by reactions of 
the Criegee intermediate rather than from the 


125 140 


Fig. 1. Time-resolved mass spectrum at 10.5 eV, acquired during photolysis of CHal2 in the presence of 
O>. (Note the changing x-axis scale.) Signal levels before the arrival of the photolysis laser pulse have 
been subtracted, and only positive signals are shown. The formation of CH200 is observed at m/z = 46, 
and CHI (m/z = 141) appears above a background from dissociative ionization of CH2I2. Other primary 
and secondary products (I, 10, HI, and HOl) are also evident. 
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direct reaction of CHI with O>. This observation 
is consistent with the conclusions of other re- 
searchers (20, 21) that channel 3b is minor. The 
experimental lifetime is long enough to allow 
direct pseudo-first-order measurements of rela- 
tively rapid reactions of CH,00. We have carried 
out such measurements of Criegee intermediate 
reactions with SO2, NO», NO, and HO. 

Addition of SO, and NO, produced a more 
rapid decay of CH,OO, as shown in Fig. 3 for 
the SO, reaction and in fig. S9 for the NO, re- 
action. For measurements of the reaction with 
NO and NO,, '°CH,0O was used because '*NO> 
appears at nearly the same mass as '*CH,OO. 
The '°C kinetic isotope effect is expected to be 
far smaller than the experimental uncertainties 
in the rate coefficient measurements. The recip- 
rocal of the lifetime of CH,O0O is linearly re- 
lated to the excess reactant concentration, with 
the second-order rate coefficient as the slope 
(Fig. 4 and fig. S10). 

The final analysis (SOM text) yields rate 
coefficients at 298 K (and 4 torr) of 3.9 x 10 '! + 
0.7 x 10°"! cm’ s' (95% uncertainty) for CH»OO 
with SO, and 7 x 10°’? cm’ s! for '*CH,OO 
with NO, with asymmetric 95% uncertainty 
bounds of +3 x 10 '* and 2 x 10? cm? s 1. 
These rate coefficients are from 50 to 10,000 
times larger than estimates typically used in tro- 
pospheric models (7, 8). The reaction of CH,0O0 
with SO, (22) has additional laboratory relevance 
because it has been used to scavenge Criegee 
intermediates and as a reference for measurements 
of other Criegee reactions. Recent theoretical work 
(23) has estimated a nearly collision-limited rate 
coefficient (~ 4 x 10°'° cm? s‘) for the reaction 
of CH,O0O with SO, much higher than pre- 
vious experiments but within a factor of 10 of 
the present direct measurements. The ratio of 
initial CH,O0 to final CHO amplitudes changes 
little upon addition of SO; (fig. S14), suggesting 
that SO; plus CHO is a product channel. 

Addition of NO up to [NO] =5 x 10!° em? 
or H,O up to [H20] = 3 x 10'° cm ° produced 
no measurable increase in the decay rate of 
CH,00 (figs. S11 to $13). Reaction of NO with 
CH,00 is postulated to form CHO and NO, 
(8); however, no product formation could be 
observed in these experiments. The reaction of 
CH,00 with water is thought to produce hydroxy- 
methylhydroperoxide (HOCH;00H, HMHP) by 
association (24) or to catalyze isomerization (25). 
The photon energy of the measurements, 10.5 eV, 
is well below the ionization energy of formic acid 
(17) and dioxirane (/6) (Fig. 2), so the isomeriza- 
tion channel would still lead to a loss of photo- 
ionization signal at m/z = 46. The photoionization 
behavior of HMHP is unknown, but at the high- 
est water concentrations a very faint product sig- 
nal, much too small for kinetic analysis, can be 
observed at m/z = 64. 

Assuming that a change of 25% in the decay 
rate constant of CH,O0O would be readily de- 
tectable, the maximum concentrations of HO 
and NO used in conjunction with the observed 
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zero-reagent decay constants (~500 s! for the 
water experiments, ~1100 s' for the NO ex- 
periments) give upper limits of k(H,O) < 4 x 
10° cm? s! and k(NO) <6 = 10 ‘4 cm3 s 1. 
The upper limit for reaction with water is above 
literature estimates of the rate constant (/2) 
and tends to confirm the established models. On 
the other hand, the reaction with NO is two 
orders of magnitude slower than literature es- 
timates (2). 

The direct determinations of the rate con- 
stants for CH,OO with SO, and NO>, however, 
are considerably higher than previous estimates. 
Placing the present results into a tropospheric 


Fig. 2. Photoionization spectrum of 
the mass = 46 product of the CHpI 
plus O, reaction, integrated over the 
first 2 ms after photolysis. The cal- 
culated photoionization spectra of 
the Criegee intermediate CH2,00 


—O-— m/z = 46 from CH,| + O, 
—— CH,00 (calculated) 


— — Dioxirane (calculated) 
—@— Formic acid (Cool et al.) 


chemistry model (26) implies a substantial role of 
Criegee intermediates in sulfate and nitrate chem- 
istry. Steady-state analysis (SOM text) shows 
that, if the rate coefficient for other Criegee inter- 
mediates is similar to that for CH,OO, Criegee 
intermediates could be at least as important an 
oxidizer of SO. as OH across much of the ter- 
restrial boundary layer. Reaction of Criegee in- 
termediates with NO, may be an important 
daytime and nighttime source of nitrate radical. 
The present rate coefficient for the Criegee plus 
NO) reaction would increase the modeled NO3 
concentration by up to 20%, the enhancement 
scaling linearly with alkene concentration. 


and dioxirane (23), the experimental 
photoionization spectrum for formic 
acid (17), as well as schematic chem- 
ical structures, are shown for reference. 


Integrated photoion signal 


Fig. 3. Time-dependent 
CH200 signal for various 
concentrations of SOb>. 
Solid lines represent fits 
to the data traces, includ- 


ing convolution witha @ 
measured instrument re- §) 
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Low-volatility products, such as organic acids 
or hydroperoxides, of unimolecular and bimolec- 
ular Criegee reactions contribute to organic aero- 
sol formation (7, 27). The production of a Criegee 
biradical from the CHI plus O, reaction might 
affect modeling of oxidation and aerosol chem- 
istry in the marine boundary layer (28). The exo- 
thermic (/6) formation of CH,00 plus I will 
compete with stabilization to CH,IO>, so full as- 
sessment of that impact will require measure- 
ments of branching fractions at atmospheric 
pressure. The demonstration that CHI and O, 
forms a Criegee intermediate as the dominant, if 
not sole, CH,O, isomer indicates broad utility 
for Criegee chemistry investigations. For exam- 
ple, it may be possible to determine optical spec- 
tra for gas-phase CH,OO by using this reaction; 
reported measurements of product ultraviolet 
spectra from CHI and O, (20, 29) may already 
include contributions from the Criegee inter- 
mediate. Direct optical monitoring of Criegee in- 
termediates could probe Criegee formation and 
reaction at atmospheric pressure. Additionally, 
reactions of other a-iodoalkyl radicals with O, 
may be used to form substituted Criegee inter- 
mediates and investigate their kinetics. 

Reaction rate coefficients under tropospheric 
conditions are pressure- and temperature-dependent, 
and reactions are commonly affected by the pres- 
ence of water and the participation of weakly bound 
complexes (30, 37). Measurement of rate coeffi- 
cients at one set of conditions, as in this work, does 
not completely characterize a reaction; for exam- 
ple, if the reactions have a substantial stabilization 
component, the rate constants could be substan- 
tially larger at atmospheric pressure. Decades of 
ozonolysis studies have mapped a web of depen- 
dences on conditions and scavenger species (//). 
The combination of a method for stabilized Criegee 
production and unambiguous photoionization 
detection of Criegee intermediates now enables 
direct study of these complicated relationships. 


5 
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10 20 30 40 50 
[SO,] (1012 cm’) 


Fig. 4. Dependence of the pseudo-—first-order 
Criegee intermediate decay constant (reciprocal of 
the lifetime t) on the concentration of SO3. Error 
bounds are 95% uncertainty estimates based on 
least-squares analysis of the unweighted fits as 
depicted in Fig. 3, which include >20 points across 
the relevant decay. The second-order rate coef- 
ficient is given by the slope of the linear fit. 
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Sucrose Efflux Mediated by 
SWEET Proteins as a Key Step 
for Phloem Transport 


Li-Qing Chen,?* Xiao-Qing Qu,*?* Bi-Huei Hou,’ Davide Sosso,* Sonia Osorio,” 


Alisdair R. Fernie,? Wolf B. Frommer*t 


Plants transport fixed carbon predominantly as sucrose, which is produced in mesophyll cells 
and imported into phloem cells for translocation throughout the plant. It is not known how 
sucrose migrates from sites of synthesis in the mesophyll to the phloem, or which cells mediate 
efflux into the apoplasm as a prerequisite for phloem loading by the SUT sucrose—H™ (proton) 
cotransporters. Using optical sucrose sensors, we identified a subfamily of SWEET sucrose efflux 
transporters. AtSWEET11 and 12 localize to the plasma membrane of the phloem. Mutant plants 
carrying insertions in AtSWEET11 and 12 are defective in phloem loading, thus revealing a 
two-step mechanism of SWEET-mediated export from parenchyma cells feeding H*-coupled import 
into the sieve element—companion cell complex. We discuss how restriction of intercellular 
transport to the interface of adjacent phloem cells may be an effective mechanism to limit the 
availability of photosynthetic carbon in the leaf apoplasm in order to prevent pathogen infections. 


reeding has led to marked increases in 
crop yield. Increased yield potential has 
mainly been attributed to improvements 
in allocation efficiency, defined as the amount of 
total biomass allocated into harvestable organs 
(/, 2). Despite the critical importance of sucrose 
translocation in this process, we do not under- 
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stand mechanistically how changes in translo- 
cation efficiency may have contributed to an 
increase in harvestable products. Allocation of 
photoassimilates in plants is conducted by trans- 
port of sucrose from the photosynthetic “sources” 
(predominantly leaves) to the heterotrophic “‘sinks” 
(meristems, roots, flowers, and seeds) (3-5). Su- 
crose, the predominant transport form of sugars 
in many plant species [see (6) for an overview 
of the different sugars and translocation mech- 
anisms], is produced in leaf mesophyll cells, par- 
ticularly in the palisade parenchyma of dicots and 
the bundle sheath of monocots. 

In apoplasmic loaders, sucrose is loaded 
into the sieve element-companion cell complex 
(SE/CC) in the phloem by the sucrose-H* co- 


transporter SUT1 (named SUC2 in Arabidopsis) 
from the apoplasm (cell wall space) (7—//). How- 
ever, sucrose must effuse from inside the cell 
into the cell wall, either directly from mesophyll 
cells (after which it travels to the phloem in the 
apoplasm) or from cells closer to the site of load- 
ing (having traveled cell-to-cell through plasmo- 
desmata). Both the site and the mechanism of 
sucrose efflux remain to be elucidated, although 
it has been argued that a site in the vicinity of the 
site of phloem loading is most probable (4, 5). 

We identified proteins that can transport su- 
crose across the plasma membrane: AtSWEET 10 
to 15 in Arabidopsis and OSSWEET11 and 14 in 
rice (Oryza sativa). We found that AtSWEETI1 
and /2 are expressed in phloem cells, and that 
inhibition by mutation reduces leaf assimilate 
exudation and leads to increased sugar accumu- 
lation in leaves. Thus, apoplasmic phloem load- 
ing occurs in a two-step model: Sucrose exported 
by SWEETs from phloem parenchyma cells feeds 
the secondary active proton-coupled sucrose trans- 
porter SUT1 in the SE/CC. 

The sucrose efflux transporters were identified 
by means of a Forster resonance energy transfer 
(FRET) sensor-based screen. Because humans do 
not seem to possess sucrose transporters, we 
reasoned that human cell lines should lack en- 
dogenous sucrose transport activity and should 
thus represent a suitable functional expression 
system for heterologous sucrose transporters. A 
preliminary set of ~50 candidate genes encod- 
ing membrane proteins with unknown func- 
tion as well as members of the recently identified 
SWEET glucose effluxer family (/2) were 
coexpressed with the FRET sucrose sensor 
FLIPsuc90uA1V (73) in human embryonic kid- 
ney (HEK) 293T cells. ASSWEET10 to 15, which 
all belong to clade III of the ASSWEET family 
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(12), enabled HEK293T cells to accumulate su- 
crose, as detected by a negative ratio change in 
sensor output (Fig. 1A). To corroborate these find- 
ings, we tested the clade III orthologs OSSWEET11 
and 14 from rice (Fig. 1B) and found that they 
also transport sucrose. By contrast, proteins from 
the other SWEET clades did not show detectable 
sucrose uptake into HEK293T cells (Fig. 1A). 
Clade III SWEETs showed preferential transport 
activity for sucrose over glucose and did not 
appear to transport maltose (Fig. 1C and fig. 
82). The ability of clade II] SWEETs to export 
sucrose was shown by time-dependent efflux of 
['4C]sucrose injected into Xenopus oocytes (Fig. 
1D and fig. S2D) and was further supported by 
the reversibility of sucrose accumulation as mea- 
sured by optical sensors in mammalian cells (Fig. 
1E and fig. $3). SWEETs function as low-affinity 
sucrose transporters (affinity constant K,, for su- 
crose uptake by ALSWEET12 was ~70 mM, Kin 
for efflux was >10 mM; Fig. 1F and fig. S4, A 
to C). The largely pH-independent transport ac- 
tivity supports a uniport mechanism (fig. S4D). 
The observed transport characteristics are com- 
patible with those of the low-affinity components 
for sucrose transport detected in vivo (/4, 15). 
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AtSWEETII and 12 are highly expressed in 
leaves [microarray data and translatome data 
(16, 17) (figs. SSA and S6)] and were found to 
be coexpressed with genes involved in sucrose 
biosynthesis and phloem loading (e.g., sucrose 
phosphate synthase, SUC2, and AHA3; fig. S5, 
B and C). The tissue-specific expression and 
cellular localization of AASWEET11 and 12 and 
the phenotypes of sweet mutants were analyzed 
to determine the physiological role of the sucrose 
transporters. 

AtSWEET11 and 12 are close paralogs, with 
88% similarity at the amino acid level. Lines car- 
rying single T-DNA (transfer DNA; Agrobacte- 
rium tumefaciens) insertions (fig. S7) in the 
AtSWEETII and 12 loci did not show any ob- 
vious altered morphological phenotype when com- 
pared to the wild-type Col-0 or wild-type siblings 
segregated from the same mutant populations. 
However, at higher light levels, the double mu- 
tant line was smaller relative to wild-type con- 
trols (20 to 35% reduction in rosette diameter 
depending on light conditions; Fig. 2A and fig. 
S8) and contained elevated starch levels at the 
end of the diurnal dark period (Fig. 2, B and C). 
Moreover, mature leaves of the double mutant 


B 
1.0 

2 0. 

fe 

pc 

BOg 

rae) j—- StSUT1 

E =0.90:/]— OsSWEET14 A 
Zz 


Time [min] 


a 
re) 
WL 
bad 
oO 
ne] 
= 
ne} 
oO 
WN 
rj 
E 
oO 
Zz 
0 20 40 60 80 100 
Time [min] 


contained higher sucrose levels both at the end of 
the light period and the end of the dark period 
(Fig. 2D). Leaves also accumulated higher levels 
of hexoses, as also observed in plants exposed to 
sucrose (/8) or plants in which phloem load- 
ing has been blocked (9, /9). Accumulation of 
free sugars is expected to lead to down-regulation 
of photosynthesis through sugar signaling net- 
works (20). The starch accumulation phenotype 
was partially complemented by expression of ei- 
ther AtSWEET// or 12 under their respective pro- 
moters in the double mutant (fig. S9). Together, 
these data indicate an impaired ability of the 
mutants to export sucrose from the leaves. Direct 
['*CO,]-labeling experiments indicated that un- 
der low light conditions (in which the double 
mutant did not accumulate high starch levels; fig. 
S10), the double mutant exported ~50% of fixed 
'4C relative to controls (Fig. 2E). It is noteworthy 
that the mutant was affected with respect to leaf 
size, photosynthetic capacity, and steady-state su- 
gar levels; thus, the apparent efflux rates may be 
compounded by these parameters. 

Reduced efflux of sugars from leaves is ex- 
pected to lead to reduced translocation of photo- 
assimilates to the roots, thus negatively affecting 
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Fig. 1. Identification of sucrose transporters. (A and B) HEK293T cell—FRET 
sensor uptake assay. (A) Of ~50 membrane protein genes tested, AtSWEET10 
to 15 showed sucrose influx as measured with the sucrose sensor FLIPsuc90WA1V; 
HEK293T cells transfected with sensor only (“control”) or the sensor and the 
H*/sucrose cotransporter StSUT1 served as controls (fig. S1) (7) (4SEM, n> 11). 
(B) The rice transporters OsSWEET11 and 14 mediate sucrose transport in 
HEK293T cells (+SEM, n > 11). (C) Oocyte uptake assay: OsSWEET11 and 14 and 


AtSWEET11 and 12 mediate [“C]sucrose uptake (1 mM sucrose; +SEM, n > 7). 
(D) Oocyte efflux assay: [**C]sucrose efflux by OsSWEET11 in Xenopus oocytes 
injected with 50 nl of a solution containing 50 mM [*“C]sucrose; the truncated 
version OsSWEET11_F205* served as control (+SEM, n > 7). (E) HEK293T cell— 
FRET sensor transport assay: Reversible accumulation of sucrose in HEK293T cells 
by AtSWEET11 (+SEM, n > 10; Fc/D, FRET index). (F) Oocyte uptake assay: 
Kinetics of AtSWEET12 for sucrose uptake in Xenopus oocytes (tSEM, n > 14). 
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root growth and the ability to acquire mineral 
nutrients (9, 70). When germinated in the light on 
sugar-free media, atsweet1];12 mutants exhib- 
ited reduced root length (Fig. 2, F and G). Ad- 
dition of sucrose to the media rescued the root 
growth deficiency of atsweet//;12 mutants (Fig. 
2, F and G). A similar sucrose-dependent root 
growth deficiency has also been observed for the 
Arabidopsis sucrose/H* cotransporter suc2 mu- 
tant (77). Both the swc2 and the atsweet/1;12 mu- 
tants are apparently able to acquire sucrose or 
sucrose-derived hexoses from the medium to re- 
store root growth that had been restricted by a 
carbohydrate deficiency. 

The growth phenotype for atsweet/1;12 is 
not as severely affected as described previously 
for the suwc2 mutant (9—//). The Arabidopsis ge- 
nome encodes several SWEET paralogs, includ- 
ing the closely related transporters AtSWEET10, 
13, 14, and 15, which we show here to function 
as sucrose transporters. Quantitative polymerase 
chain reaction analyses showed that AASWEET13, 
which is typically expressed at low levels in 
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leaves, is induced by a factor of ~16 in the 
atsweet11;12 double mutant (fig. S11). Thus, in 
contrast to the secondary active SE/CC loaders 
SUT1/SUC2, SWEETs function as redundant 
elements of phloem loading. It is noteworthy that 
ossweetl4 rice mutants display stunted growth, 
possibly as a result of reduced sugar efflux from 
leaves as well (21). 

Taken together, the data indicate that clade III 
SWEETs are involved in export of sucrose and 
are responsible for the previously undescribed 
first step in phloem loading. The efflux of sucrose 
to the apoplasm could theoretically occur directly 
at the site of production in mesophyll cells, from 
bundle sheath cells, or from phloem parenchyma 
cells. Localization of AtSWEETII and 12 driven 
by their native promoters, as translational 
enhanced green fluorescent protein (eGFP) 
or GUS fusions, revealed that both proteins are 
present in the vascular tissue including minor and 
major veins, which in Arabidopsis are considered 
“to participate in phloem loading” (22) (Fig. 3, A 
to D, and fig. S12). The subcellular localization 
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of eGFP-tagged AtSWEET11 and 12 was con- 
sistent with localization to the plasma membrane 
[Fig. 3, E and F; further supported by data from 
cauliflower mosaic virus (CaMV) 35S-SWEET- 
YFP plants, fig. $13]. AASSWEET11 and 12 were 
both expressed in select cells in the phloem, 
which form cell files along the veins (Fig. 3, C, 
D, and F, and fig. S12). Most likely, these cells 
correspond to phloem parenchyma. However, 
there are no known markers that would allow 
us to unambiguously identify these cells. Data 
from cell-specific translatome studies show that 
AtSWEETI11/12-expressing cells have a clearly 
distinct translatome when compared to SUC2- 
expressing companion cells (fig. S6) (77). These 
data exclude the possibility that SVEET// and 12 
are expressed to high levels in companion cells, 
supporting a localization in phloem parenchyma 
cells as the only remaining cell type in the 
phloem besides the enucleate sieve elements. 
Further, OsSWEET1I/Xa13, encoding a su- 
crose uniporter and functioning as a rice suscep- 
tibility (S) gene (Xa/3) for specific pathovars of 
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Fig. 2. Phenotypic characterization of ASWEET11 and 12 mutants. (A) Re- 
duced growth of the atsweeet11;12 double mutant relative to Col-0 wild type 
and isogenic wild type (control). (B and C) Elevated starch accumulation in 
atsweeet11;12 single and double mutants at the end of the light and dark 
periods (high light conditions). (D) Sugar levels in mature leaves at the end of 
the light and dark periods (+SEM, n > 6; identical letters indicate significance 
between pairs (daytime) according to t test (P < 0.001; high light conditions). 
Glc, glucose; Frc, fructose; Suc, sucrose; Tre, trehalose; Mal, maltose; Raf, 
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raffinose; Xyl, xylose; c, control; 11;12, atsweet11;12. (E) Cumulative exu- 
dation of [™*C]-derived assimilates from cut petioles of leaves fed with “CO, 
(*“C in exudate shown as percentage in exudate plus exudate from the previous 
exudation period for each time point; +SEM, n = 5; *t significant at P < 0.05, **t 
significant at P < 0.01) (low light conditions). (F and G) Impaired root growth of 
atsweet11;12 seedlings grown on sugar-free media and media supplemented 
with sucrose [+SEM, n > 60; two-way analysis of variance indicates a significant 
interaction (P < 0.0001) between genotype and sucrose treatment]. 
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Xanthomonas oryzae pv. oryzae, was found to be 
expressed in the phloem of uninfected rice leaves 
(23), indicating that OSSWEET11 may play a 
similar role in phloem loading. Coimmunolo- 
calization of SUT1/SUC2 and SWEET11/12 to 
an extent detectable by transmission electron mi- 
croscopy will be required to unambiguously de- 
fine the cell type in which the SWEETs are 
functioning. 

Our findings are compatible with a model 
suggested by Geiger (24), in which sucrose moves 
symplasmically via plasmodesmata toward the 
phloem and then effluxes close to the site of 
apoplasmic loading (fig. S15). We predict that 
communication is needed to coordinate the efflux 
from phloem parenchyma with the uptake into 
the SE/CC to prevent spillover and limit the avail- 
ability of nutrient resources for pathogens in the 
apoplasm of the leaf. Invertases and glucose/H* 
cotransporters that are induced during pathogen 
infection may serve in retrieval of sugars spilled 
at the infection site (25). It is tempting to specu- 
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late that sugar- and turgor-controlled regulatory 
mechanisms involved in post-phloem unload- 
ing may also apply to sucrose efflux in the 
phloem loading process (26, 27). The availability 
of SWEET sucrose transporters, together with 
FRET sensors (28), provides valuable tools for 
studying the regulatory networks coordinating 
local and long-distance transport and metabolism. 

Clade Ill SWEETs had previously been im- 
plicated as key targets of biotrophic pathogens. 
OsSWEET11 and 14 are co-opted during infec- 
tion of rice by Xanthomonas oryzae pv. oryzae 
(Xoo) (12, 21, 29, 30). Pathovar-specific effec- 
tors secreted by Xoo activate the transcription of 
clade III SWEET genes, and mutations in the 
effector binding sites in SWEET promoters lead 
to resistance to Xoo in a wide spectrum of rice 
lines (27, 29-31). Our finding that these SWEETs 
are key elements of the phloem translocation 
machinery indicates that the pathogen retools a 
critical physiological function (i.e., a cellular 
sucrose efflux mechanism in the phloem) to gain 
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Fig. 3. GUS and eGFP localization of AtSWEET11 and 12 promoter-reporter fusions. (A to D) GUS 
histochemistry analysis in rosette leaves of transgenic Arabidopsis plants expressing translational GUS 
fusions of AtSWEET11 [(A), (C), and (D)] or 12 (B) from their native promoters. (A) and (B), GUS staining 
detected in leaf vein network; (C), high-resolution images of expression in one cell file of an individual 
vein; (D), cross section of Arabidopsis leaf showing cell-specific localization of AtSWEET11. (E and F) 
Confocal images of eGFP fluorescence in sepal vein cell files of transgenic Arabidopsis plants expressing 
translational AtSWEET11-eGFP fusions under control of its native promoter. Insets in (F) show eGFP 
channel in black and white; red dashed line in upper inset indicates position of z-scan shown in lower 
inset. eGFP accumulation is observed in static puncta, which may be caused by accumulation of 
AtSWEET11 in membranes in cell wall ingrowths, a characteristic feature of phloem parenchyma cells (33). 
The presence of cell wall ingrowth was confirmed by electron microscopy (fig. $14). 


access to the plant’s energy resources at the site of 
infection. 

However, this function is redundant in the 
plant. Such redundancy in both pathogen and 
host functions has been attributed to increased 
system robustness and may have evolved to allow 
the plant to survive mutations in essential functions 
that create pathogen resistance (32). It is possible 
that the highly localized transfer of sucrose be- 
tween phloem parenchyma and SE/CC has evolved 
to limit sucrose release into the apoplasm to a 
limited interface of adjacent cells inside the phlo- 
em, and thus to reduce the availability of sucrose 
in the apoplasm to pathogens. Pathogens can over- 
come this first line of defense by targeting exactly 
this efflux mechanism in order to gain access to 
sugars in cells surrounding the infection site—for 
example, in the epidermis or mesophyll. Invert- 
ase and monosaccharide transporters, which are 
also typically induced during infection, may then 
serve as a secondary line of defense to reduce 
apoplasmic sugar levels at the infection site (25). 
The work presented here adds a crucial item to 
the list of machinery essential for carbon allo- 
cation: the transport proteins responsible for the 
efflux of sucrose to apoplasm in preparation for 
phloem loading. 
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Changes in Wind Pattern Alter 
Albatross Distribution and 


Life-History Traits 


Henri Weimerskirch,?* Maite Louzao,"?+ Sophie de Grissac,? Karine Delord* 


Westerly winds in the Southern Ocean have increased in intensity and moved poleward. Using 
long-term demographic and foraging records, we show that foraging range in wandering albatrosses 
has shifted poleward in conjunction with these changes in wind pattern, while their rates of travel and 
flight speeds have increased. Consequently, the duration of foraging trips has decreased, breeding 
success has improved, and birds have increased in mass by more than 1 kilogram. These positive 
consequences of climate change may be temporary if patterns of wind in the southern westerlies 
follow predicted climate change scenarios. This study stresses the importance of foraging performance 
as the key link between environmental changes and population processes. 


changing environments on species biolo- 
gy have been conducted in terrestrial eco- 
systems and temperature and rainfall have been 
the main environmental factors considered (J, 2), 
potentially ignoring other key climatic variables. 
In marine systems, wind is a major component of 
the environment, and climate change—induced al- 
terations in oceanic wind regimes and strength have 
already occurred (3) and are predicted to increase 
(4). For example, over the past 50 years, Southern 
Hemisphere westerlies have shifted poleward and 
increased in intensity following movement of the 
Southern Annular Mode (SAM, characterized as 
increased pressure between 40° and 65°S) into a 
positive phase (5, 6). Such changes in wind re- 
gime may affect the movement or distribution of 
wind-dependent species, such as migratory land 
birds (7) or pelagic seabirds (S—/0). Pelagic sea- 
birds, in particular, are wide-ranging predators that 
rely extensively on wind to move at low costs be- 
tween breeding and foraging sites (8, //), sug- 
gesting that they may be highly affected by wind 
pattern changes. 
Here, we investigate whether changes in wind 
conditions over the Southern Ocean have influ- 
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enced the foraging ecology and life-history traits 
of the wandering albatross (Diomedea exulans), 
one of the most wide-ranging pelagic seabirds. 
We aimed to assess whether the foraging per- 
formance of albatrosses has changed over the 
past few decades in relation to wind conditions 
and to understand the possible consequences of 
such change on life history (i.e., breeding per- 
formance and condition). We combine data on 
the duration of foraging trips and breeding suc- 
cess collected over nearly 40 years, from 1966 to 
2010, as well as foraging performance and body 
mass (1989 to 2010) of breeders from Crozet 
Islands, located in the windiest area of the South- 
em Ocean. 

In the western Indian Ocean sector of the 
Southern Ocean, wind speeds have increased in 
the center of the westerly flow (Fig. 1), as well as 
locally at Crozet (Fig. 2B), as a result of the shift 
of the global SAM index into a positive phase 
(Fig. 2A). No changes occurred in subtropical 
waters, whereas wind speed increased in sub- 
Antarctic waters, especially south of Crozet (table 
S1 and Fig. 1). When decomposing wind into 
its two components—zonal wind from west to 
east, and meridional wind from north to south 
(Fig. 1)—the most pronounced changes have 
occurred for the latter. The meridional compo- 
nent has strongly increased and shifted poleward, 
whereas these trends were not as strong for the 
zonal component (Figs. | and 2, C and D). 

Crozet wandering albatrosses foraged from 
subtropical to Antarctic waters at a maximum 
range of more than 3500 km (Fig. 1, upper pan- 


els). Although both sexes overlap in the lati- 
tudinal band of 40° to 50°S, males prefer colder 
waters at the latitude of Crozet or to the south 
(down to 60°S), whereas females favor warmer 
waters to the north as far as 30°S (Fig. 1, lower 
panels). Foraging parameters estimated from track- 
ing data have changed over the past 20 years in 
parallel to changes in wind conditions. The north- 
ern range (the most northerly latitude attained dur- 
ing a foraging trip) of wandering albatrosses was 
strongly influenced by meridional winds and 
shifted extensively poleward in females and to 
a smaller extent in males (Table | and Fig. 3), 
whereas there was no significant trend over time 
for the southern range (Table 1). Concurrently, 
there was a significant decrease in the maxi- 
mum distance from the colony (Table 1, forag- 
ing range). 

As shown by earlier studies (8, //), wind strong- 
ly influenced albatross flight speed. We found 
that the meridional component best explained 
the increase in flight speed during a foraging trip 
(Table 1). Flight speeds increased until 2008, 
whereas the last value of the time series (2010) 
was characterized by very low wind speeds, com- 
parable to those in the early 1990s (Figs. 2 and 3). 
Travel speed (daily distance covered) increased in 
both sexes, in relation to wind speed, whereas total 
distance covered did not change (Table 1 and Fig. 
3). Females spent a higher proportion of the over- 
all foraging time in flight than males (Fig. 3). Thus, 
the increase in the daily distance covered was due, 
for females, to an increase in flight speed with a 
concomitant shift in distribution poleward into 
more windy conditions, whereas for males it was 
due to shorter time periods spent sitting on the 
water. 

Even though the total distance covered did 
not increase over years, the duration of foraging 
trips decreased due to increasing meridional winds 
(Table 1). This decrease in the duration of trips 
was confirmed over a longer period (during the 
past 4 decades; in 1970, 1989, 1999, and 2008) 
from an independent large data set: The mean 
duration of foraging trips was highly variable 
(2 to 35 days), similar between sexes, and decreased 
by 22% between 1970 and 2008 (from 12.4 + 6.8 
to 9.7 + 5.5 days; fig. S1, mixed effect analysis of 
variance, year effect F3724 = 11.3, P < 0.001). 
Finally, the angle between flight direction and 
wind direction shifted by 10° from 1989 to 2010, 
with birds tending to use tail winds to a larger 
extent in the 1990s than in the 2000s (fig. S2). 
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Fig. 1. Foraging trips 
(Upper panels), and fre- 
quency distribution accord- 
ing to latitude of locations 
(Lower two left panels) 
of breeding male and fe- 
male wandering albatrosses 
during incubation period 
(January to February 1989 
to 2010). (Lower three 
right panels) Changes 
in wind speed (S wind), 
and zonal and meridional 
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line (lower panels) in- 
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The breeding success of wandering alba- 
trosses was on average 76.0 + 6.5% and increased 
over the past 40 years (Fig. 4A). Breeding suc- 
cess is the result of failures that mainly occur 
during incubation (81.7 + 9.1% of total failures, 
n = 18 years). We found that failures during 
incubation were explained by the foraging trip 
duration (generalized linear models, F319 = 
5.7, P = 0.018). Specifically, the probability of 
breeding failure increased with the duration of 
foraging trips. In parallel, the body mass of incu- 
bating males and females increased significantly 
over the past 20 years by 1 kg, i.e., by 10 to 12% 
of the body mass (F's. 519 = 12.3, P < 0.0001 and 
Fg.aog = 17.2, P < 0.0001, respectively; Fig. 4B). 
This increase in body mass was not related to 
changes in body size (no change in the length of 
the beak length was recorded over the same period; 
males: F'9,404 = 1.5, P = 0.143; females: F492 = 
1.46, P= 0.158). 

Wandering albatrosses appear so far to have 
benefited from wind changes occurring in the 
Southern Ocean, with higher speeds allowing 
for more rapid travel. In wandering albatrosses, 
the probability of prey encounter and capture is 
related to the daily distances individuals are 
able to cover (/2). In the 2000s, birds moved 
quicker than in the 1990s and thus were able to 
cover similar distances during shorter bouts at 
sea. Simultaneously, tracked birds shifted their 
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Fig. 2. Changes over time in (A) the Southern An- 
nular Mode (SAM), as well as in wind parameters in 
January to February at the Crozet islands (from 1989 
to 2010); (B) average speed (y = 0.0572 x year — 
105.1, r2 = 0.34, P = 0.0034); (C) zonal component 
[west-east, positive values indicate westerly flow, 
negative values easterly flow (y = 0.0447 x year + 
86.8, r* = 0.23, P = 0.032)]; and (D) meridional 
component (north-south, positive values indicate 
southerly winds, negative values northerly wind [y = 
—0.0485 x year — 89.8, r? = 0.23, P = 0.030)]. 


range southward (Fig. 3), a trend also docu- 
mented from line transects in the southwestern 
Indian Ocean over the past 30 years (/3). Fe- 
males have shifted poleward their northern range 
to a larger extent than males. This southward shift 
of the northern range allows females to fly at 
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higher speeds in windier areas, as well as in 
waters less distant from the colonies, and thus 
to further reduce foraging time. Because males 
and females share incubation duties (/4), the 
reduction of foraging time resulted in shorter 
incubation shifts and thus a lower probability 
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Table 1. Estimated parameters (+SE) of retained 
foraging parameters of wandering albatrosses. 


models of the stepwise procedure using the Akaike Information Criteria (AIC) scores to explain 


Sex Year Wind speed (WS) Meridional wind (MW) 
Parameter Final model AIC 
P-value Estimate (+SE) P-value Estimate (+SE) P-value Estimate (+SE) P-value 
Trip duration ~Year + MW + sex:year —0.029 + 0.087 0.017 +0.615 + 0.195 0.002 512.4 
Total distance ~WS —465 + 169 0.007 2674.9 
covered 
Maximum range ~Year + WS —19.7 + 8.0 0.025 —136.2 + 40 0.001 2297.7 
Travel speed ~Sex + year + WS F>M_ 0.004 0.128 +0.029 <0.001 0.271 +0.138 0.052 296.3 
Flight speed ~MW -0.207 + 0.09 0.023 196.1 
Percent time on ~Sex + year + MW + sex:MW M>F <0.001 —0.741+ 0.219 <0.001 2.10 + 0.751 0.007 492.5 
water 
Northern range ~Sex + MW F>M <0.001 0.221+0.162 0.013 451.6 
Southern range ~Sex + WS F>M <0.001 0.623 + 0.249 0.013 504.1 
Females Males in females, due to longline fishing targeting tuna in = 
subtropical waters (/5, 76). If the range of breed- << 
3 eee } ing females moves southward due to environ- i 
® e . ; N 
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es = 600 1 o® with tuna longliners, whose effort has not shifted 5 
& Z 500 p | e southward during the past 50 years (17). = 
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g | a observed over the past 20 years was a consider- c 
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14 for a similar structural size has important impli- = 
cations for flight performance because it results = 
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g 42 | 6 _- | e 6 in an increase in wing loading (/8). Higher wing ® 
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Fig. 3. Changes between 1989 and 2010 in four foraging parameters of male and female Crozet 
wandering albatrosses (mean + 1 SD). Continuous lines indicate significant trends over time. (Dotted lines 
indicate significant trends over years when the atypical 2010 year is excluded from analysis.) 


of breeding failure. Our results indicate that 
shorter foraging trips and fasts of incubating 
birds on the nest likely account for the increase 
in breeding success. The observed southward shift 
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of the northern range of females may also have 
positive consequences in terms of conservation. 
The wandering albatross Crozet population has 
decreased as a result of adult mortality, especially 


to the increase in wind speed, and too strong 
gales winds become unfavorable for dynamic 
soaring flights (20). In addition, the poleward 
shift of westerlies to an increasing distance to the 
south of the colonies will likely make the location 
of Crozet less optimal for central-place foraging 
birds. In addition, if the present trend in the use of 
tail to side winds continues, costs of foraging 
should increase with increasing head winds and 
more distant favorable winds (8). Similarly to 
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Fig. 4. (A) Changes in breeding success over the past 40 years (r? = 0.30, P = 0.0003). From 1988 to 2009 only, r2 = 0.19, P = 0.048. (B) Changes over the past 
20 years in the mass of breeding wandering albatrosses in January to February. 


wandering albatrosses, the movements of many 
other species of albatrosses and petrels are strong- 
ly constrained by wind conditions (8, 2/), and 
species richness of Procellariiformes is positively 
associated to wind speed (22). Thus, future re- 
search should consider wind fields as an impor- 
tant driver of the distribution and migration of 
these oceanic species. 


References and Notes 
1. C. Parmesan, Annu. Rev. Ecol. Syst. 37, 637 (2006). 
2. G.-R. Walther et al., Nature 416, 389 (2002). 
3. I. R. Young, S. Zieger, A. V. Babanin, Science 332, 451 
(2011). 
4. S. Solomon, Climate Change 2007: The Physical Science 
Basis. Contribution of Working Group | to the Fourth 
Assessment Report of the Intergovernmental Panel on Climate 
Change (Cambridge Univ. Press, Cambridge, 2007). 
5. N.P. Gillett, D. W. Thompson, Science 302, 273 (2003). 
. D.W. Thompson, S. Solomon, Science 296, 895 (2002). 
7. T. Alerstam, D. Christie, A. Ulfstrand, Bird Migration 
(Cambridge Univ. Press, Cambridge, 1993). 
8. H. Weimerskirch, T. Guionnet, J. Martin, S. A. Shaffer, 
D. P. Costa, Proc. Biol. Sci. 267, 1869 (2000). 
9. A.M. Felicisimo, J. Mufioz, J. Gonzdlez-Solis, PLoS ONE 3, 
e2928 (2008). 
10. R. M. Suryan et al., PLoS ONE 3, e4016 (2008). 
11. E. Wakefield et al., Ecol. Monogr. 79, 663 (2009). 
12. H. Weimerskirch, A. Gault, Y. Cherel, Ecology 86, 2611 (2005). 
13. C. Péron et al., Glob. Change Biol. 16, 1895 (2010). 
14. H. Weimerskirch, Oecologia 102, 37 (1995). 
15. H. Weimerskirch, N. Brothers, P. Jouventin, Biol. Conserv. 
79, 257 (1997). 

16. G. N. Tuck, T. Polacheck, J. P. Croxall, H. Weimerskirch, 
J. Appl. Ecol. 38, 1182 (2001). 

17. G. N. Tuck, T. Polacheck, C. M. Bulman, Biol. Conserv. 
114, 1 (2003). 

18. C. Pennycuick, Bird Flight Performance: A Practical 
Calculation Manual (Oxford Univ. Press, Oxford, 1989). 

19. S.A. Shaffer, H. Weimerskirch, D. Costa, Funct. Ecol. 15, 
203 (2001). 

20. T. Alerstam, G. A. Gudmundsson, B. Larsson, Philos. 
Trans. R. Soc. Lond. B Biol. Sci. 340, 55 (1993). 

21. J. Gonzdlez-Solis et al., Mar. Ecol. Prog. Ser. 391, 221 (2009). 

22. R. Davies, U. Irlich, $. Chown, K. Gaston, Glob. Ecol. 
Biogeogr. 19, 98 (2009). 


a 


Acknowledgments: The long-term data on the demography 
and foraging ecology of wandering albatrosses at Possession 
Island, Crozet Islands, were supported by the French Polar 
Institute IPEV (program no. 109 to H.W.), with additional 
funding from the Prince Albert Il de Monaco Foundation. 
The study is a contribution to the Program ANR Biodiversité 
2005-11 REMIGE. We acknowledge the modeling groups, the 
Program for Climate Model Diagnosis and Intercomparison 
(PCMDI), and the World Climate Research Programme’s 


(WCRP’s) Working Group on Coupled Modeling (WGCM) for 
their roles in making available the WCRP CMIP-3 multimodel 
data set. Support for data and model selection was provided 
by S. Jenouvrier. We thank the many field workers involved 

in the Crozet long-term monitoring since 1966 and in tracking 
programs since 1989, and D. Besson for help with the 
management of the demographic database. M.L. was funded by 
a postdoctoral contract of the Spanish Ministry of Education 
and Science (Ref. EX2007-1148) and Marie Curie Individual 
Fellowship (PIEF-GA-2008-220063). We are grateful to 

L. Riotte-Lambert for help with data analysis and C. Barbraud, 


C. A. Bost, Y. Cherel, and S. Jenouvrier for comments 
on the manuscript. 


Supporting Online Material 
www.sciencemag.org/cgi/content/full/335/6065/211/DC1 
Materials and Methods 

SOM Text 

Figs. $1 to $3 

References (23-25) 


24 June 2011; accepted 11 October 2011 
10.1126/science.1210270 


Plant Species Richness and 
Ecosystem Multifunctionality 


in Global Drylands 


Fernando T. Maestre,?* José L. Quero,? Nicholas J. Gotelli,? Adrian Escudero,* 

Victoria Ochoa,? Manuel Delgado-Baquerizo,? Miguel Garcia-Gomez,"* Matthew A. Bowker,° 
Santiago Soliveres,” Cristina Escolar,’ Pablo Garcia-Palacios,* Miguel Berdugo,* 

Enrique Valencia,’ Beatriz Gozalo,* Antonio Gallardo,” Lorgio Aguilera,® Tulio Arredondo,’ 
Julio Blones,® Bertrand Boeken,’ Donaldo Bran,?° Abel A. Conceicdo,7? Omar Cabrera,?2 
Mohamed Chaieb,*? Mchich Derak,** David J. Eldridge,’ Carlos |. Espinosa," 

Adriana Florentino,?° Juan Gaitan,?° M. Gabriel Gatica,?” Wahida Ghiloufi,?? 

Susana Gomez-Gonzalez,® Julio R. Gutiérrez,° Rosa M. Hernandez,?? Xuewen Huang,7” 
Elisabeth Huber-Sannwald,’? Mohammad Jankju,2? Maria Miriti,2* Jorge Monerris,”° 

Rebecca L. Mau,”* Ernesto Morici,”> Kamal Naseri,2* Abelardo Ospina,*° Vicente Polo,* 
Anibal Prina,2° Eduardo Pucheta,?’ David A. Ramirez-Collantes,”> Roberto Romao,?* 
Matthew Tighe,”° Cristian Torres-Diaz,?® James Val,?” José P. Veiga,7® Deli Wang,”? Eli Zaady*” 


Experiments suggest that biodiversity enhances the ability of ecosystems to maintain multiple 
functions, such as carbon storage, productivity, and the buildup of nutrient pools (multifunctionality). 
However, the relationship between biodiversity and multifunctionality has never been assessed globally 
in natural ecosystems. We report here on a global empirical study relating plant species richness and 
abiotic factors to multifunctionality in drylands, which collectively cover 41% of Earth’s land surface 
and support over 38% of the human population. Multifunctionality was positively and significantly 
related to species richness. The best-fitting models accounted for over 55% of the variation in 
multifunctionality and always included species richness as a predictor variable. Our results suggest 
that the preservation of plant biodiversity is crucial to buffer negative effects of climate change and 


desertification in drylands. 


wo decades of research have revealed 
causal linkages between biodiversity and 
univariate measures of ecosystem func- 
tioning, such as primary productivity or nitrogen 


accumulation, in many terrestrial and aquatic 
habitats (/—4). These relationships suggest that 
the loss of biodiversity may impair the function- 
ing of natural ecosystems and thus diminish 
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the number and quality of services they provide 
(5-7). Ecosystems are valued for their ability to 
maintain multiple functions and services simul- 
taneously [multifunctionality (8)]. If the main- 
tenance of biodiversity is to be justified as a 
strategy for enhancing ecosystem services (5, 9), 
it is essential to understand how biodiversity 
affects multifunctionality (8-10). Existing knowl- 
edge comes from controlled small-scale experi- 
ments from a limited number of ecosystems, 
mainly in North America and Europe (8—/2). 
Furthermore, biodiversity is by no means the only, 
or even the primary, driver of ecosystem func- 
tioning, which is also influenced by other biotic 
and abiotic factors (/3, /4). Given this complexity, 
a rigorous examination is needed of the role of 
biodiversity in maintaining multifunctionality at a 
large number of sites that represent a wide range of 
spatial variability in resource availability, abiotic 
factors, and species richness and composition (/5). 

Arid, semi-arid, and dry-subhumid ecosystems 
(called hereafter “drylands”’) constitute some of 
the largest terrestrial biomes, collectively cov- 
ering 41% of Earth’s land surface and supporting 
over 38% of the global human population (/6). 
Drylands host many endemic plant and animal 
species (5) and include about 20% of the major 
centers of global plant diversity and over 30% of 
the designated endemic bird areas (/7). These 
ecosystems are also highly vulnerable to global 
environmental change and desertification (6, 8). 
Nevertheless, the relationship between biodiver- 
sity and ecosystem functioning has seldom been 
studied in drylands (79). We evaluated how the 
richness of perennial vascular plants (hereafter 
“species richness”) and a range of key abiotic 
factors (climate, slope, elevation, and soil texture) 
relate to multifunctionality in 224 dryland ecosys- 
tems sampled from all continents except Ant- 
arctica (map S1). We surveyed plots measuring 
30 m x 30 m, which were large enough to rep- 
resent the main ecosystem features at each site, 
and assessed 14 ecosystem functions related to 


the cycling and storage of carbon (C: organic C, 
B-glucosidase, pentoses, hexoses, aromatic com- 
pounds, and phenols), nitrogen (N: total N, NO3 -N, 
NH,'-N, aminoacids, proteins, and potential N 
transformation rate), and phosphorus (P: availa- 
ble inorganic P and phosphatase). These func- 
tions were chosen because they deliver some of 
the fundamental supporting and regulating eco- 
system services (9, 8, 20) and because they are 
used to identify the onset of desertification pro- 
cesses (2/). Our survey captured a substantial 
range of the climatic conditions, ecosystem types, 
and soil classes found in drylands worldwide (fig. 
S1 and map S1). 

We first evaluated the direct relationship be- 
tween species richness and multifunctionality at 
the global scale using both nonspatial [ordinary 
least-squares (OLS)] and spatial [simultaneous 
autoregression (SAR)] regression models (20). 
Because we did not experimentally control for 
other abiotic and biotic factors that are known to 
affect ecosystem functioning, significant relation- 
ships would indicate potentially strong effects of 
richness on multifunctionality. To quantify multi- 
functionality, we calculated Z-scores (standardized 
deviates) of the 14 functions evaluated (20). The 
multifunctionality index M for each plot was the 
average Z-score for all functions measured within 
the plot. This index measures all functions on a 
common scale of standard deviation units, has 
good statistical properties, and is well correlated 
with previously proposed indices for quantifying 
multifunctionality (20) (fig. S4). Multifunction- 
ality was positively and significantly (P < 0.05) 
related to species richness, according to both OLS 
and SAR models (Fig. 1A). Separate analyses of 
functions related to the C, N, and P cycles (20) 
also yielded positive and significant relationships 
with species richness in all cases when using 
OLS regression (Fig. 1, B to D). When SAR re- 
gressions were used, significant relationships were 
found only for functions related to C cycling 
(Fig. 1, B to D). 


REPORTS 


We then evaluated whether the observed 
effects of species richness were important as com- 
pared to those of abiotic factors, with a multi- 
model inference approach based on information 
theory and OLS regression (22). We built sep- 
arate models using the multifunctionality index 
M and functions from the N, C, and P cycles as 
dependent variables, and seven abiotic variables 
[sand content, slope, elevation, and four compo- 
nents derived from a principal-components anal- 
ysis of 21 available climatic variables (20)] plus 
species richness as potential independent varia- 
bles. Among the 255 possible models resulting 
from all possible combinations of these indepen- 
dent variables, we selected the set of best-fitting 
models that minimized the second-order Akaike 
information criterion (AIC,). Collinearity among 
independent variables in these models was negli- 
gible (20) (table S15). Whenever a model included 
species richness as an important predictor, we 
compared its AIC, to that of the corresponding 
model without species richness; differences < 2.0 
in AIC, between alternative models indicate that 
they are approximately equivalent in explanatory 
power (22). To account for potential effects of 
spatial autocorrelation between sites, latitude and 
longitude were included in all the models (23). 

The best and most parsimonious models 
(smallest AIC, and fewest variables with compa- 
rable AIC,, respectively) describing global multi- 
functionality contained 9 and 7 predictor variables 
(Table 1). Both models explained more than 55% 
of the variance found in multifunctionality, and 
included species richness. In both cases, the re- 
moval of species richness as a predictor variable 
substantially reduced the model fit (Table 1). 
These results were virtually identical to those ob- 
tained with SAR regression and OLS models that 
included quadratic terms, to account for potential 
autocorrelation and nonlinear effects, respective- 
ly (20) (tables S2 and $3), and for models that 
used other multifunctionality indices proposed in 
the literature (20) (table S13). Species richness 
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Fig. 1. Relationship be- 1.5 
tween perennial plant 
species richness and eco- 
system multifunction- 
ality (A) measured in a 
global survey of drylands. 
Similar relationships for 
C (B), N (C), and P (D) 
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was also an important factor in separate models 
of C and N cycling (tables $4, S5, S7, S8, S10, 
and S11) but had weaker effects on P cycling 
(tables S6, S9, and S12). Overall, the general re- 
sult that species richness makes important con- 
tributions to multifunctionality was robust to 
the analytical methods used and to the choice of 
multifunctionality index. 

To quantify the relative importance of the dif- 
ferent predictors of multifunctionality, we summed 
the Akaike weights for each predictor across all 
the models in which it occurred (20, 22); the larger 
this sum, the more important a given variable is 
relative to the other variables used in the same 
models. By this criterion, the two most important 
predictors of multifunctionality were annual mean 
temperature [reflected in large negative loadings 
for the fourth principal component of the climatic 
variables (20)] and the sand content of the soil 
(Fig. 2A). Both variables were negatively related 
to multifunctionality: Higher ecosystem func- 
tionality was found at cooler temperatures and 
lower sand content (table S14). The importance 
of species richness was very similar to that of 
mean temperature and sand content. Indeed, spe- 
cies richness was more important than climatic 
variables such as mean annual rainfall and mean 
temperature and rainfall in the driest quarter [re- 
flected in loadings on the first and third principal 
components of the climatic variables, respective- 
ly (20)]. Similar results were obtained when 
functions related to the C and N cycles were eval- 
uated separately (Fig. 2, B and C). Species rich- 
ness was less important to P cycling than were 


3 4 5 6 7 8 1 2 3 4 5 6 i 8 


Species richness (sqrt-transformed) 


Table 1. Best-fitting regression models of ecosystem multifunctionality. Each column represents a 
different predictor variable (red, perennial plant species richness; green, abiotic variables; blue, climatic 
variables; gold, geographic variables). Of all 255 possible models, the best 8 models are presented, 
ranked according to AIC, value. AIC, measures the relative goodness of fit of a given model; the lower its 
value, the more likely it is that this model is correct. Unshaded cells indicate variables that were not 
included in a particular model. The first and third models of the table are the best and most parsimonious 
models, respectively; the same models without species richness had R? = 0.539, AIC, = 293.236, AAIC, = 
10.486; and R* = 0.515, AIC, = 300.078, AAIC, = 17.328, respectively. AAIC,, difference between the 
AIC, of each model and that of the best model; w;, Akaike weights; C1, C2, C3, and C4, first, second, third, 
and fourth components of a principal-components analysis conducted with climatic variables; SA, sand 
content; SL, slope angle (square root—transformed); EL, elevation (square root—transformed); LA, latitude; 
and LO, longitude. 


Species Abiotic Climatic Geographic AR? AIC, AAIC, w, 
richness 
SL SA C1 C2 C3 C4 LA LO EL 

0.564 282.750 0 0.217 
0.559 283.226 0.475 0.171 
0.554 283.595 0.845 0.143 
0.558 283.862 1.111 0.125 
0.565 284.502 1.751 0.091 
0.556 284.637 1.887 0.085 
0.561 284.677 1.927 0.083 
0.560 285.035 2.285 _ 0.069 


other abiotic factors such as sand content, eleva- 
tion, and annual rainfall (Fig. 2D). 

The positive effects of species richness on 
multifunctionality may be mediated through in- 
creased net primary production (NPP), which has 
cascading effects on multiple organisms and eco- 
system processes (/, 24). However, the relation- 
ship between plant species richness and NPP is 
uncertain (25), and NPP could not be measured 
in this study. We speculate instead that comple- 


mentarity in the use of resources such as water 
(2, 9), which has been demonstrated in drylands 
and can occur without changes in NPP (26, 27), 
accounts for correlations between species rich- 
ness and multifunctionality. Our results also im- 
plicate soil water conditions, which are largely 
affected by temperature and soil texture (28), as 
an important driver of multifunctionality. 

By itself, species richness accounted for only 
a small fraction of the observed variation in the 
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Fig. 2. Relative importance of perennial plant species richness (red column) and other predictor variables 
in models of ecosystem multifunctionality (A) and C (B), N (C), and P (D) cycling. The height of each bar is 
the sum of the Akaike weights of all models that included the predictor of interest, taking into account the 
number of models in which each predictor appears. Variable abbreviations are as in Table 1. 


multifunctionality of drylands (Fig. 1). However, 
the best-fitting models accounted for over 55% of 
this variation and always included species rich- 
ness (Table 1). The unexplained variation prob- 
ably reflects factors not measured in our global 
survey, including the intensity of herbivory, his- 
torical patterns of land use, the presence of key- 
stone and invasive species, and differences in 
components of biodiversity such as soil fauna, 
whose changes along environmental gradients 
do not necessarily track those of plant richness 
(28-30). 

Climate change models predict increases in 
average annual temperature in drylands of up to 
4°C by the end of the 21st century (3/). Our 
results suggest that such an increase will reduce 
the ability of dryland ecosystems to perform mul- 
tiple functions related to C, N, and P cycling. 
Ongoing climate change is also likely to reduce 
local species richness (32) and to increase the 
extent of areas affected by desertification (/6, 18), 
both of which will negatively affect ecosystem 
functioning. However, these outcomes are un- 
certain because of the complex interactions and 
contrasting effects of increases in temperature, 
which we found to reduce multifunctionality, and 
in atmospheric carbon dioxide concentrations, 
which can ameliorate water stress in dryland 
vegetation and potentially minimize biodiversity 
losses (33, 34). Because the quality and quantity 
of ecosystem services depend largely on ecosys- 
tem functions such as those measured in this 
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study (5, 9), increased plant species richness may 
enhance the services provided by dryland ecosys- 
tems. Our findings also suggest that such richness 
may be particularly important for maintaining 
ecosystem functions linked to C and N cycling, 
which sustain C sequestration and soil fertility 
(8, 28). Because land degradation is often ac- 
companied by the loss of soil fertility (16, 18), 
plant species richness may also promote ecosys- 
tem resistance to desertification. 

The consistent effects of species richness on 
multifunctionality over and above those of climate 
and of abiotic factors highlight the importance of 
plant biodiversity as a driver of multifunctionali- 
ty in drylands. The positive relationship between 
species richness and multifunctionality found is 
consistent with experimental results obtained in 
temperate grasslands and in microbial, biological 
soil crust, and aquatic communities (8/2). Col- 
lectively, these results suggest that the correlation 
between species richness and multifunctionality 
may be a general pattern in nature that reflects a 
cause-and-effect linkage. 
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A DOC2 Protein Identified by 
Mutational Profiling Is Essential for 
Apicomplexan Parasite Exocytosis 


Andrew Farrell,?* Sivasakthivel Thirugnanam,?* Alexander Lorestani,?* Jeffrey D. Dvorin,””>* 
Keith P. Eidell,? David J.P. Ferguson,’ Brooke R. Anderson-White,’ Manoj T. Duraisingh,”t 


Gabor T. Marth,’+ Marc-Jan Gubbels*+ 


Exocytosis is essential to the lytic cycle of apicomplexan parasites and required for the 
pathogenesis of toxoplasmosis and malaria. DOC2 proteins recruit the membrane fusion machinery 
required for exocytosis in a Ca**-dependent fashion. Here, the phenotype of a Toxoplasma gondii 
conditional mutant impaired in host cell invasion and egress was pinpointed to a defect in 
secretion of the micronemes, an apicomplexan-specific organelle that contains adhesion proteins. 
Whole-genome sequencing identified the etiological point mutation in TgDOC2.1. A conditional 
allele of the orthologous gene engineered into Plasmodium falciparum was also defective in 
microneme secretion. However, the major effect was on invasion, suggesting that microneme 


secretion is dispensable for Plasmodium egress. 


he lytic replication cycle is central to the 

| pathology of apicomplexan diseases such 

as malaria caused by Plasmodium spp. 

and toxoplasmosis caused by Toxoplasma gondii. 
Motility of parasites between host cells, within 
which replication occurs, is powered by actino- 
myosin motors connecting with extracellular sub- 


Fig. 1. Mutant F-P2 has a microneme secretion de- 
fect. (A) Red-green invasion assays were performed 
on the 2F-1-YFP2 wild-type and F-P2 mutant par- 
asite lines. Parasites were phenotypically induced 
for 24 hours at the restrictive temperature (40°C). 
Averages of four independent experiments +SD 
are shown. (B) Conoid extrusion of Ca?*-ionophore 
(A23187)—induced or vehicle control—treated para- 
sites was determined for parasites grown at 35° or 
40°C. Averages of three independent experiments 
+SD are shown. (C) Incidence of various motility 
modes determined by video microscopy over 1 min 
for wild-type (parent 2F-1-YFP2) and F-P2 para- 
sites at conditions as indicated. Averages of four 
independent experiments +SEM are shown. (D) Micro- 
neme secretion of F-P2 parasites measured by means 
of Western blot detection of Mic2 protein released 
in the supernatant upon various stimuli and ve- 
hicle control (dimethyl sulfoxide). “const.” represents 
uninduced, constitutive secretion over a 60-min 
period. Gra serves as loading control. (E) Immu- 
nofluorescence assay of Mic2 and IMC3 (marking 
the peripheral cytoskeleton) of wild-type and F-P2 
at 40°C with or without ionophore stimulation 
shows micronemes are intact in F-P2. Phase im- 
ages show vacuolar membrane is intact in F-P2 at 
40°C. Asterisks mark the egressing parasite. 
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strate through transmembrane adhesion proteins 
secreted through organelles known as micronemes 
(J). A pivotal event in triggering motility is the 
release of Ca** from compartments within the par- 
asite, which activates myosin and triggers microneme 
secretion (2). Recently, calctum-dependent pro- 
tein kinases required for egress were identi- 


fied in Plasmodium falciparum (PfCDPKS) and 
Toxoplasma (TgCDPK1) (3, 4). 

To investigate this critical process, we used 
temperature-sensitive mutants in the lytic cycle of 
Toxoplasma by means of chemical mutagenesis 
(5). Upon phenotype induction, mutant F-P2 dis- 
played a reduced invasion competency (Fig. 1A) 
and complete inability to egress (6), but intracel- 
lular growth progressed normally (6). Three dis- 
tinct Ca’*-dependent events are required for egress 
and invasion: extrusion of the apical conoid, mo- 
tility, and microneme secretion. Conoid extrusion 
in F-P2 was indistinguishable from wild-type par- 
asites (Fig. 1B and figs. S1 and SSC) (7-9). Motility 
was assessed via video microscopy, and the in- 
cidence of the three motility modes of Toxoplasma 
tachyzoites (circular and helical gliding and twirl- 
ing) (movies S1 to $3) were scored (9, 70). Under 
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restrictive conditions, no circular or helical gliding 
was observed for F-P2 (Fig. 1C). Rather, induced 
F-P2 displayed twirling and shuffling, a distinct 
motility mode in which parasites abruptly move 
back and forward (Fig. 1C and movie $4), which 
has been previously observed with inhibitors of 
Toxoplasma invasion (/1) and in certain T. gondii 
(12) and P. falciparum sporozoite (13, 14) 
microneme protein knockouts. With no net change 
in parasite position, neither twirling nor shuffling 
is thought to be effective in invasion or egress. We 
also assessed microneme release upon increas- 
ing the intracellular Ca*" concentration ([Ca”" ];) 
(8, 9, 15). No Mic2 microneme protein release 
was detected under restrictive conditions for F-P2, 
but we readily detected dense granule protein re- 
lease (Gral) and Mic2 release in the controls 
(Fig. 1D and fig. S2). Constitutive microneme 
secretion was also not detected (Fig. 1D) (/6). 
Impaired microneme secretion did not appear to 


be caused by a defect in microneme formation, 
morphology, or organelle number because these 
features were normal (Fig. 1E and fig. $3). Thus, 
impaired microneme secretion in F-P2 apparently 
results in parasites unable to provide the traction 
required for productive motility. 

Although other Zoxoplasma genotypes in chem- 
ical mutants have been successfully mapped by 
genetic complementation (5), we were unable to 
complement F-P2. We set out to identify the 
etiological mutation with whole-genome muta- 
tional profiling using high-throughput sequenc- 
ing (Fig. 2 and table S1) (17). We identified 31 
validated single-nucleotide polymorphisms (SNPs) 
between parent and mutant lines: 8 are in coding 
regions, 6 are intronic, and 19 are intergenic (table 
S1). To identify the sole gene responsible for the 
microneme secretion defect, we focused on gene 
TGGT1_ 049850, which contains Ca**-dependent 
membrane-binding C2 domains (/8, /9) and har- 
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bors a missense mutation (T to C, encoding Phe 
to Ser) at position 124 (fig. S4). Complementa- 
tion with cosmid PSBMG64 (9), which spans the 
entire wild-type locus, resulted in completely re- 
stored F-P2 growth (Fig. 3A and fig. SSA), se- 
cretion of micronemes (Fig. 3B and fig. S5C), 
and egress (fig. SSB) and largely restored the 
motility defect (Fig. 3C). To confirm that the point 
mutation in TGGT1_049850 was solely respon- 
sible for the phenotype, we complemented with 
both wild-type and F-P2 mutant cDNA cloned 
into T. gondii expression plasmids. As anticipated, 
the wild-type allele restores F-P2 growth at 40°C, 
whereas the mutant allele does not (Fig. 3D). 
Gene TGGT1_049850 encodes a predicted 
protein of 1990 amino acids (fig. S4). Orthologs 
are strongly conserved across the Apicomplexa 
and some ciliates (such as Paramecium tetrauarelia) 
(Fig. 4A). Motif searches and sequence align- 
ments (9) identified four conserved sequence blocks, 
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Fig. 2. Results of paired-end Illumina resequencing of parent and F-P2 
genomes. (A) Sequencing and alignment statistics. Genomic DNA of F-P2 and 
its parent were sequenced to >30-fold coverage on an Illumina GA2 instru- 
ment. Sequence reads were aligned to the closely related GT1 strain reference 
genome by using the MOSAIK read mapper (9). Coverage was sufficient to 
call sequence differences between F-P2 and RH in >95% of the GT1 ref- 
erence. Using the FreeBayes variation calling program (28) and appropriate 
filtering, 982 SNPs are shared between the two samples and 33 are specific 
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Fig. 3. Genetic complementation of F-P2 with cosmid PSBMG64 restores the 
wild-type phenotype. (A) Plaque assays of parent line (2F-1-YFP2), F-P2, and 
complemented mutant as indicated. (B) Microneme secretion of comple- 
mented F-P2 parasites (Fig. 1D, legend). (C) Incidence of various motility 
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% parasite motility 


40°C 35°C 
modes determined by means of video microscopy over 1 min at conditions as 
indicated. Averages of four independent experiments shown + SEM. (D) Plaque 
assays representing F-P2 complementation with plasmids expressing cDNA 
encoding the (top) wild-type TgDOC2.1 allele or (bottom) F-P2 mutant allele. 
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with block 2 containing a tandem C2 domain, as 
well as extensive coiled-coil domains in the C 
terminus of all orthologs (Fig. 4A). The mutated 
Phe! lies in block 1 and is conserved across all 
orthologs, suggesting that this residue is critical 
for function (Fig. 4A and fig. $4). Block 1 appears 
to be a degenerate C2 domain because a C2 do- 
main was identified just above the consensus 
cut-off in the Eimeria tenella and Paramecium 
tetraurelia orthologs. 

Tandem C2 domain proteins function in Ca**- 
mediated exocytosis [for example, neurotransmitter 
release (20)] and encompass proteins with a trans- 
membrane domain—such as synaptotagmin— 
whereas others lack such a domain—such as the 
double C2 (DOC2) proteins. The C2 domains in 
cytosolic DOC2A and DOC2B proteins bind Ca’*, 
facilitating soluble N-ethylmaleimide-sensitive 
factor (NSF) attachment protein (SNAP) receptor 
(SNARE) protein—dependent membrane fusion 
of secretory vesicles with the plasma membrane 
(20, 21). We named our protein TgDOC2.1 by 
taking into account the primary structure and 
the orthologous function of TGGT1_049850 in 
microneme secretion. Structural prediction suggests 
that TgDOC2.1 can bind Ca?" ions through con- 
served Asp residues in the C2 domains (fig. S6) 
(22). TgDOC2.1 does not contain additional rec- 
ognizable domains to provide further mechanistic 


A 


amino acids 1 500 


1,000 


a 2 C2 
N. caninum nn | SRA i) rrr 1 


insights such as interactions with mammalian 
uncoordinated protein 18 (Munc18), Munc13, or 
SNARE proteins, although C2 domains could di- 
rectly fulfill such role. 

To determine whether the mechanism in Zox- 
oplasma is conserved, we generated a P. falciparum 
line allowing inducible regulation of the orthologous 
DOC2.1 gene, via genetic fusion of a destabiliz- 
ing domain (DD) to the Pf DOC2.1 C terminus 
(PFL2110c) (fig. S7). The DD fusion protein is 
stabilized by the synthetic ligand Shld1 and tar- 
geted for degradation in absence of Shld1 (3, 23). 
PfDOC2.1 levels were reduced by 57 + 13% in 
the absence of Shld1 (Fig. 4B and fig. S8). To 
test the effect of PFDOC2.1 on growth, we op- 
timized conditions for measuring parasite rep- 
lication over multiple cycles by varying initial 
parasitemia and hematocrit (fig. S9). PfDOC2.1- 
deficient parasites exhibited an 87% decrease in 
parasitemia over three cycles (Fig. 4C). D10- 
P£CDPK4-DD parasites, with an inducible knock- 
down in PfCDPK4 and replicating equally in 
the presence or absence of Shld1 (3), were used as 
a control. At this level of PfDOC2.1 knockdown, 
parasite development within a single asexual cy- 
cle through the schizont stage and the number of 
merozoite nuclei per segmented schizont was un- 
changed, and accumulation of unruptured schizonts 
was not observed (fig. S10). To evaluate the con- 
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tribution of PfDOC2.1 to parasite invasion, par- 
asites were cultured in the absence of Shld1 from 
the ring stage to the schizont stage and divided 
into two populations so as to complete invasion 
with or without Shld1 present (fig. S11). Invasion 
was decreased 34 + 9% as compared with par- 
asites rescued by the addition of Shid1 and resto- 
ration of PfDOC2.1 levels (Fig. 4D). This decreased 
invasion efficiency was sufficient to explain the 
decreased replication rate. To directly identify a 
defect in microneme secretion, we examined the 
release of parasite proteins into the supernatants 
after reinvasion. In the absence of Shld1, release 
of PfEBA-175, a microneme protein, into the 
supernatant was decreased by 44 + 14% (Fig. 4, 
E and F, and fig. S12A) when normalized for the 
amount of Pf SERAS, a parasitophorous vacuole 
protein, but the relative use of alternative inva- 
sion pathways was unaffected by PfDOC2.1 levels 
(fig. S12B), suggesting a global defect in invasion 
secondary to incomplete microneme discharge. 
Thus, TgDOC2.1 constitutes a second level of 
Ca’'-dependent control of Zoxoplasma microneme 
secretion, in addition to the recently identified 
calcium-dependent protein kinase, TgCDPK1 (4). 
Because DOC2.1 probably facilitates membrane 
fusion, it probably acts downstream of the CDPKs. 
Conservation of DOC2.1 and Ca’*-dependent se- 
cretory organelles in ciliates indicates the shared 
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Fig. 4. DOC2.1 has a conserved role in microneme secretion. (A) Schematic 
of DOC2.1 orthologs in Apicomplexa and ciliate Paramecium tetraurelia. 
Four conserved blocks are color-coded in light blue, C2 domains are in dark 
blue, and coiled-coil regions are in yellow. The red line marks the conserved 
phenylalanine mutated to serine in F-P2. (B) Lysates from D10-PfDOC2.1-DD 
parasites cultured + Shld1 probed with antibody to hemagglutinin (HA) 
(P{DOC2.1; just over 250 kD, arrow) or antibody to PfLDH (loading control). 
Normalized PfDOC2.1 ratio (+ Shld1) is 0.43 + 0.13. (C) Replication curves 
of D10-PfDOC2.1-DD parasites maintained + Shld1 (mean + range, n = 2 
replicates). (D) D10-PfDOC2.1-DD parasites were maintained without Shld1 


from early ring stage to segmented schizont stage then incubated an 
additional 8 to 12 hours + Shld1; resulting newly invaded rings were 
counted via fluorescence-activated cell sorting [mean + SD, n = 3 replicates 
(for D10-CDPK4-DD in experiment 3, n = 1 replicates), three separate 
experiments, *P < 0.001, f test]. (E) Immunoblots evaluating the release of 
indicated parasite invasion ligands. Synchronized ring-stage cells were 
incubated + Shld1. Supernatants of ruptured schizonts lysates (saponin) were 
collected. The asterisk indicates a 44 + 14% decrease in PfEBA-175 release 
from D10-PfDOC2.1-DD parasites. (F) Mean ratio of PfEBA-175 released into 
supernatant (n = 4 biological replicates; +95% Cl, *P < 0.01, f test). 
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ancestry of micronemes (24, 25). Although 
P£DOC2.1 knockdown in P. falciparum has a clear 
effect on invasion, at this level of knockdown it did 
not result in an egress defect, suggesting that 
Plasmodium merozoites may rely on microneme 
secretion for invasion but on qualitatively different 
exoneme secretion for egress from the erythrocyte 
(26). However, in Toxoplasma mutant F-P2 both 
invasion and egress were defective because 
microneme secretion plays a central role in both of 
these processes (27), highlighting divergent roles 
for secretory organelles in egress between these 
organisms. This multilayered Ca*’-mediated con- 
trol of microneme secretion may underscore tight 
temporal regulation, and this mechanism appears 
ancestral to the ciliates and the Apicomplexa. 
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Cytoplasmic Dynein Moves Through 
Uncoordinated Stepping of the 
AAA+ Ring Domains 


Mark A. DeWitt, Amy Y. Chang, Peter A. Combs, Ahmet Yildiz* 


Cytoplasmic dynein is a homodimeric AAA+ motor that transports a multitude of cargos toward 
the microtubule minus end. How the two catalytic head domains interact and move relative to 
each other during processive movement is unclear. Here, we tracked the relative positions 

of both heads with nanometer precision and directly observed the heads moving independently 
along the microtubule. The heads remained widely separated, and their stepping behavior 
varied as a function of interhead separation. One active head was sufficient for processive 
movement, and an active head could drag an inactive partner head forward. Thus, dynein 
moves processively without interhead coordination, a mechanism fundamentally distinct 

from the hand-over-hand stepping of kinesin and myosin. 


ytoplasmic dynein forms a 1.2-MD com- 

plex that uses adenosine triphosphate 

(ATP) hydrolysis to power minus-end— 
directed motility along microtubules. The cata- 
lytic head domain is composed of six AAAt+ 
[adenosine triphosphatases (ATPases) associated 
with diverse cellular activities] modules arranged 
in aring (/). ATPase activity at AAA1 is essential 
for dynein motility (2). The two rings are connected 
by the dimerization of N-terminal tail domains and 
bind to the microtubule through a ~15-nm coiled- 
coil stalk bearing a small microtubule-binding do- 


Department of Physics, and Department of Molecular and 
Cellular Biology, University of California, Berkeley, CA 
94720, USA. 


*To whom correspondence should be addressed. E-mail: 
yildiz@berkeley.edu 


www.sciencemag.org SCIENCE VOL 335 


main (MTBD). Dynein is required for many cel- 
lular processes, including organelle transport and 
cell division, and dynein malfunction can lead to 
motor neuron degeneration (3). 

Despite recent advances in understanding 
dynein’s structure (4) and mechanism (5, 6), the 
stepping mechanism of dimeric dynein during 
processive motion remains unclear. Studies of 
kinesin and myosin motors have shown that their 
heads take alternating steps in a hand-over-hand 
(HoH) fashion (7-9). Dynein motility also re- 
quires two heads (6), but it is unclear whether 
they coordinate with each other to achieve pro- 
cessive motion (/0). Dynein’s structure and origin 
are distinct from kinesin and myosin, suggesting 
that it may use a different mechanism. 

To investigate dynein’s stepping mechanism, 
we tracked the movement of an artificially dimer- 


ized, tail-truncated yeast cytoplasmic dynein [gluta- 
thione S-transferase—Dyn33 }xp (GST-Dyn331p)], 
which has similar stepping properties to native 
dynein (6). First, we tracked the movement of 
dynein labeled with a single quantum dot (QD) 
at 2 msec temporal resolution in the presence of 
rate-limiting ATP (Fig. 1A and fig. S1). As re- 
ported previously (5, 6), the distribution of step 
sizes was multimodal. The step-size histogram of 
head-labeled dynein revealed two major peaks 
at 9.3 + 0.7 and 17.5 + 1.2 nm that were nearly 
twice as large as the peaks observed in the tail 
histogram (4.8 + 0.3 and 8.7 + 0.9 nm) (Fig. 1B). 
The probability of backward stepping (pgw) was 
0.2. The dwell-time histogram for head-labeled 
dynein at 12 uM ATP (Fig. 1C) was best fit by a 
convolution of one slow (k, =2.1 + 0.2 sec!) and 
one fast (kp = 14.1 + 2.5 sec ') exponential rate 
constant. The product of ky and the average head 
step size (dheaq = 10.2 nm) agrees well with the 
average velocity of dynein at saturating [ATP] 
(124 nm/sec). This data excludes the symmetric 
HoH model, which predicts the stepping kinetics 
of a head to be a convolution of two equal rate 
constants (fig. S2). Instead, the dwell-time his- 
togram of tail-labeled dynein was well described 
by a kinetic model in which the heads can step 
independently and the tail moves each time either 
head takes a step (k"; = 1.2+ 0.1 sec!; k’y=12.2+ 
2.7 sec ') (fig. $2). 

To directly address how the two heads in- 
teract and move relative to each other, we labeled 
GST-Dyn33ixp with different-colored QDs (17 
to 22 nm in size) (table S1) at the C termini and 
simultaneously tracked the positions of the heads 
during processive movement (//). The fluorescent 
signal was split into two channels and registered 
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to 3-nm precision (figs. S3 to S5). Representa- 
tive traces (Fig. 2A, fig. S6, and movies S1 and 
82) clearly showed that either head could take 
a step regardless of which head was leading, a 
mechanism distinct from HoH. Although most 
steps showed a canonical alternating pattern, one 
head could take multiple consecutive (nonalter- 
nating) steps before the other head moved (Fig. 
2B). Nonalternating stepping occurred about half 
as often as alternating stepping (32% of steps, 
fig. S7). This may partly be due to the time 
needed for a head to complete its ATPase cycle 
before it can take another step. 

The heads often walked along different 
protofilaments (fig. S6), with the leading head 
preferentially located to the right of the trail- 
ing head (Fig. 2C and fig. S8). Measurements 
using organic dyes showed that the heads were 
separated by 23.0 + 13.2 nm (mean + SD) (fig. 
S9), excluding the possibility of a stacking inter- 
action between the AAA+ rings (/2). 

The heads frequently swapped the lead, but 
not strictly after every step of the motor. The 
stepping characteristics of a head in the leading 
and trailing positions differed substantially de- 
pending on interhead separation, forming the 
basis of the high variability in dynein’s step size 
(6). The on-axis (parallel to the microtubule long 


axis) step size decreased by ~0.4 nm per nano- 
meter increase in interhead separation (Fig. 3A). 
The trailing head took larger (d = 17.5 nm) for- 
ward and fewer ( ppw = 9.14) backward steps. In 
contrast, the leading head took significantly shorter 
(d = 1.5 nm) forward and more frequent ( paw = 
0.45) backward steps. The off-axis (perpendicular 
to the microtubule long axis) step size also de- 
creased with interhead separation but without a net 
bias toward left or right (Fig. 3B). The stepping 
probabilities of the leading and trailing heads were 
nearly identical when they were positioned close 
(10 to 20 nm) to each other. At larger separations, 
65% of the steps were taken by the trailing head 
(Fig. 3C). 

The heads of native dynein also moved 
independently, and their stepping behavior varied 
as a function of interhead separation, similar to 
GST-Dyn33)xp (figs. S10 and S11). The results 
show that the tail domain is not involved in inter- 
head coordination. 

Our results show that dynein’s stepping 
mechanism is different from processive kinesins 
and myosins. The stepping motion of these motors 
is driven by the power stroke of the bound head, 
which moves the trailing head forward. For dynein, 
we propose a tethered excursion model (Fig. 3D), 
in which a conformational change that produces 
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Fig. 1. (A) Step-size measurements of tail- and head-labeled GST-Dyn331xp 
with a single QD-655 at 2-msec temporal resolution. The QD position (blue 
traces) was fit by a step-finding algorithm (solid red lines). (B) Multiple 
Gaussian fits to step-size histograms reveal two major peaks at 9.3 and 17.5 
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the minus-end bias occurs in the unbound head. 
Either head can bind ATP at the AAAI site, 
followed by its release from the microtubule (/3). 
The linker undergoes a minus-end—directed 
priming stroke upon ATP hydrolysis (/4), which 
moves its MTBD forward. The large and flexible 
linker allows the released head to diffuse over a 
wide area, resulting in both large interhead sepa- 
rations and variable step sizes. 

The heads experience intramolecular tension 
at large separations, and the power stroke of the 
bound head may occasionally trigger the release 
of the other head. In fact, we observed that the 
stepping probability of the trailing head increased 
at large separations (Fig. 3C). This result is con- 
sistent with force-induced movement of dynein, 
which requires less force when it is pulled toward 
the minus end (/5). In addition, tension can bias 
the diffusional search of the tethered head toward 
the bound head, preventing further extension of 
the dimer (Fig. 3D). 

The tethered excursion model predicts that a 
single force-generating head in a dynein dimer 
can both take a step and drag an inactive head 
forward. We tested the motility of a heterodi- 
meric dynein with one wild-type head (WT,,) and 
one mutant head lacking the ability to hydrolyze 
ATP at the AAAI domain (Mut,) (6, 76). Mut, 
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nm for the head and 4.8 and 8.7 nm for the tail. (C) Dwell-time histogram of 
head-stepping fitted to a convolution of two unequal rate constants and that 
of tail-stepping fitted to a model assuming uncoordinated stepping between 
two heads, each with two unequal rate constants. 
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Fig. 3. (A) The on-axis step size (blue dots) of GST-Dyn331,p decreases linearly 
(red line) as a function of interhead separation and is biased forward by 9.1 + 
0.6 nm. The leading head takes shorter (d = 1.5 nm) steps with more frequent 
(Paw = 0.45) backward steps, compared with the trailing head (d = 17.5 nm; 
Pw = 0.14) (bar graphs). (B) Off-axis step sizes show a linear dependence on 
interhead separation without a bias to move toward the right (positive) or left 
(negative). (C) Fraction of the steps taken by the leading and trailing heads at 
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nonalternating and lead-head stepping (arrows) show that dynein stepping deviates 
from the HoH mechanism. (C) Histogram of the angles between the interhead 
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different interhead separations (mean + SEM). (D) Tethered excursion model 
for the dynein stepping mechanism. Either the leading or the trailing head 
can hydrolyze ATP and release from the microtubule. A diffusional search of 
the trailing head (green) is biased forward by interhead tension and the linker 
swing, resulting in a large forward step. In contrast, linker swing and tension 
bias the diffusion of the leading head (blue) in opposing directions, resulting 
in either a backward step or a short forward step. 
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Fig. 4. (A) Stepping trace of the WT,\Mut, heterodimer. Mut, and WT, were 
labeled with QD-585 (blue trace) and QD-655 (red trace), respectively. WT), 
mostly remains in the lead during a short backward run (insert 1) and a long 
forward run (insert 2). (B) Plot of on-axis step size (blue dots) of WT, and Mut, 
versus interhead separation. The step size decreases linearly (red line) with 
increased interhead separation and is biased forward by 10.9 + 0.8 nm for 
WT, and 7.1 + 0.7 nm for Mut,. Step-size histograms (bar graphs) show that 
dwr = 6.5 nm whereas diy: = —2.6 nm in the lead. (C) Histogram of the 
angles between interhead separation and stepping vectors of Mut, and WT,. 
(D) Model for WT,\Mut, processivity. ATP binding to WT,, triggers its release 
from the microtubule and the subsequent diffusional search is biased forward 
by the power stroke of the WT, linker. The weakly attached Mut, moves toward 
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cannot undergo a power stroke (/7) and is weak- 
ly associated with the microtubule (/3). The 
WT,,\Mut, heterodimer moved processively toward 
the microtubule minus end (movies $3 and S4, 
Fig. 4A, and figs. S12 and $13). WT), was found 
in the lead 66% of the time (fig. S14). Similarly, 
during occasional short (4 to 5 steps) backward 
runs, WT), remained in the leading position toward 
the plus end. 

Mut, exhibited different stepping character- 
istics in both the leading and trailing positions 
(Fig. 4B) than WT). The on-axis step size of 
Mut, had reduced (7.1 + 0.7 nm) minus-end— 
directed bias, compared with WT), (10.9 + 0.8 nm). 
The probability of Mut, being in the lead decreased 
as interhead separation increased (<25% at 30+ nm 
separations) (fig. S15), and Mut; was more likely 
to step backward from the lead (d = —2.6 nm; 
Paw = 0.44) (Fig. 4B). The average step size and 
stepping rate of Mut, were similar to those of 
WT, (figs. S14 and S15). Mut, stepping was 
mostly directed toward WT;,, whereas the direc- 
tion of WT), stepping was largely independent of 
the position of Mut, (Fig. 4C). 

Thus, dynein motility does not require allo- 
steric communication between the AAAI sites, 


and only one force-generating head is sufficient 
for processive movement. WT), usually remains 
in the lead and drives forward movement. The 
detachment of Mut, from the microtubule can 
be facilitated by ATP binding to its AAA1 site 
(73). Alternatively, Mut, can release under ten- 
sion generated through the power stroke of WT). 
Because Mut, lacks the ability to generate a power 
stroke, its step size is mainly biased toward the 
WT), under tension (Fig. 4D). 

Our results challenge established views of 
motor processivity that require coordination 
between the mechanochemical cycles of the 
heads. Kinesin (/8, 79) and myosin (20) motility 
rely on mechanical and chemical gating mecha- 
nisms that allow the leading head to stay bound 
to its track while the trailing head moves forward. 
Dynein clearly moves by a different mechanism. 
We see no evidence of strict gating that keeps the 
heads out of phase. Processivity requires two 
heads to be physically connected (6) to prevent 
detachment of the motor when one of the heads 
steps forward. It is possible that simultaneous 
detachment of both heads is stochastic. Dynein’s 
high duty ratio (2/) may allow the motor to take 
many steps before dissociation. Processivity in 
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the absence of gating is also achieved by multi- 
ple monomeric kinesins (22) and engineered 
dimeric motors that have poor mechanochem- 
ical communication between the heads (/8, 23). 
Further understanding of the molecular basis 
of dynein processivity will require simulta- 
neous monitoring of the linker conformations 
and stepping motion of the leading and trailing 
head domains. 
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Tumor Necrosis Factor Signaling 
Requires iRhom2 to Promote 
Trafficking and Activation of TACE 


Colin Adrain,?+ Markus Zettl,1* Yonka Christova,? Neil Taylor,2 Matthew Freeman? 


The cytokine tumor necrosis factor (TNF) is the primary trigger of inflammation. Like many 
extracellular signaling proteins, TNF is synthesized as a transmembrane protein; the active signal 
is its ectodomain, which is shed from cells after cleavage by an ADAM family metalloprotease, 
ADAM17 (TNFo-converting enzyme, TACE). We report that iRhom2 (RHBDF2), a proteolytically 
inactive member of the rhomboid family, is required for TNF release in mice. iRhom2 binds TACE 
and promotes its exit from the endoplasmic reticulum. The failure of TACE to exit the endoplasmic 
reticulum in the absence of iRhom2 prevents the furin-mediated maturation and trafficking of 
TACE to the cell surface, the site of TNF cleavage. Given the role of TNF in autoimmune and 
inflammatory diseases, iRhom2 may represent an attractive therapeutic target. 


main of transmembrane proteins is an im- 

portant mechanism for generating signals 
that regulate major aspects of animal devel- 
opment, physiology, immunity, and pathology 
(/, 2). An important example of regulated ecto- 
domain shedding is the cytokine tumor necrosis 
factor (TNF), the primary trigger of inflammatory 
responses. TNF is associated with many human 
diseases, including rheumatoid arthritis, Crohn's 
disease, atherosclerosis, psoriasis, sepsis, diabetes, 
and obesity. Its blockade is licensed as a therapy 
for a number of conditions and is being assessed 
for others (3). Soluble, active TNF is shed from 
the plasma membrane by the ADAM family me- 
talloprotease TACE (TNFo-converting enzyme, 
also known as ADAM17) (4). Despite the medi- 
cal importance of TNF and other transmembrane 
signaling proteins, the regulation of ectodomain 
shedding remains poorly understood. Both the 
transmembrane forms of the signaling proteins 
themselves and the shedding proteases are sub- 
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ject to control by posttranslational modification, 
interaction with specific partners, and regulated 
intracellular trafficking and compartmentaliza- 
tion (5—9). The relative physiological importance, 
however, of these different modes of regulation 
is unclear. 

We have investigated the regulation of ecto- 
domain shedding by genetic and cellular ap- 
proaches, both in Drosophila and mammalian 
cells. This has led to the recent discovery of a 
new class of polytopic endoplasmic reticulum 
(ER) proteins, the iRhoms, which are noncat- 
alytic relatives of rhomboid intramembrane 
proteases (Fig. 1A) (/0). Drosophila iRhom reg- 
ulates epidermal growth factor (EGF) receptor 
signaling by interacting with EGF family ligands 
in the ER, shunting them into the ER-associated 
degradation (ERAD) pathway (//). iRhoms are 
conserved in all metazoans, and in cell culture 
assays, their mammalian counterparts, iRhom1 
and iRhom2, can also promote ERAD of EGF. In 
mammals, however, their physiological role is 
unknown. We therefore generated a null mutation 
in the gene that encodes iRhom2 (RHBDF2) in 
mice (12) (fig. SIA). iRhom2 “ (knockout, KO) 
mice appeared normal: They were viable and 
fertile, with no morphological defects. Unlike 
iRhom1, which is widely expressed, iRhom2 is 
predominantly expressed in immune cells, par- 
ticularly macrophages (/3, /4), where its expres- 
sion was specifically up-regulated in response to 


lipopolysaccharide (LPS) stimulation (Fig. 1B). 
We therefore challenged iRhom2“ mice with 
LPS, to mimic bacterial infection, and measured 
the serum concentration of proinflammatory cy- 
tokines. Interleukin-18 (IL-1), IL-6, and IL-12 
were induced normally but, remarkably, TNF 
induction was almost completely abolished in 
mutant mice (Fig. 1C). Macrophages are the 
most abundant source of TNF; consistent with 
this, in vitro differentiated bone marrow-derived 
macrophages (BMDMs) from iRhom2’ mice 
failed to secrete TNF in response to LPS (Fig. 1D). 
The failure of TNF secretion in iRhom2 “ 
mice [confirmed in this issue; see (/5)] is not 
caused by its loss of expression: RNA levels 
were unaffected (fig. S2A), and protein levels 
were actually elevated in iRhom2-” macrophages 
(Fig. 2, A and B). This result was confirmed by 
cell surface labeling followed by affinity precipi- 
tation, which showed an increase in the accu- 
mulation of the full-length, membrane-tethered 
form of TNF on the plasma membrane of mutant 
cells (Fig. 2C). Furthermore, inhibition of the 
shedding protease TACE in wild-type (WT) cells 
by the matrix metalloproteinase inhibitor BB94 
(Fig. 2, A and C) resulted in a phenotype similar 
to iRhom2 ’ macrophages. Together, these data 
imply that loss of iRhom2 does not interfere with 
the induction or intracellular trafficking of TNF 
but instead suggests a shedding defect. We tested 
this hypothesis directly. Although TACE levels 
were normal in both WT and mutant macrophages 
(Fig. 2D), loss of iRhom2 led to a complete abolition 
of activity of immunoprecipitated TACE (Fig. 2E 
and fig. S2B). This result explains the loss of TNF 
shedding in mutant mice and macrophages. 
Like TNF, TACE has been the focus of major 
pharmaceutical interest: Not only does it regulate 
inflammation through TNF, but it is also im- 
plicated in cancer by activating EGF receptor 
ligands (/6); furthermore, it is a point of inte- 
gration for a wide range of incoming signals (/7). 
Despite this intense spotlight, TACE regulation 
remains poorly understood. Several lines of evi- 
dence suggest the trafficking of enzyme to the 
plasma membrane is important, but other work 
implies that, at least in some contexts, the rate- 
limiting step may be activation of molecules 
already at the cell surface (5—7, 18, 19). Because 
most evidence agrees that the plasma membrane 
is the primary site of TACE activity, we tested 
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whether TACE was present at the cell surface 
of iRhom2“ cells. In contrast to WT cells, no 
TACE was found on the surface of iRhom2 “ 
macrophages (Fig. 3, A and B), which implies 
that the cause of TACE inactivity is a fundamen- 
tal defect in its intracellular trafficking. 

Endoglycosidase-H (endo-H)-sensitive N- 
glycans are added to TACE in the ER. The sug- 
ars are then elaborated in the Golgi apparatus, 
becoming resistant to endo-H. Later in the trans- 
Golgi network (TGN), the inhibitory N-terminal 
prodomain is removed by furin (20). These mod- 
ifications can be used to track the progress of 
TACE from the ER to the plasma membrane (see 
fig. S2, C and D, for an overview). Consistent with 
previous reports (7, 20), we found the majority of 
endogenous TACE to be endo-H-sensitive and, 
therefore, located in the ER in both WT and mu- 
tant cells (Fig. 3C). In the absence of iRhom2, 
however, TACE never became endo-H resistant, 
which demonstrated that it was unable to reach 
the site of addition of Golgi-specific glycans as 
it does in WT cells (Fig. 3C, bracket). Further- 
more, furin cleavage of the prodomain was abol- 
ished in the KO cells (Fig. 3C, white arrowhead). 
We conclude that trafficking from the ER is a 
limiting step for TACE maturation and that iRhom2 
is an essential component of the mechanism that 
releases it to the Golgi apparatus. Without iRhom2, 
therefore, TACE cannot reach the TGN to be 
activated. 


Fig. 1. iRhom2 is essential for LPS-induced TNF 
shedding. (A) Comparison of an active rhomboid 
protease and iRhom. (B) Fold induction of iRhom2 
mRNA in response to LPS in WT macrophages 
(mean of three experiments + SD), as measured by 
quantitative polymerase chain reaction. mRNA lev- 
els were normalized to endogenous actin. (C) Serum 
concentrations of the indicated cytokines in WT 
and iRhom2~~ (KO) mice in response to LPS (mean 
of five experiments + SD), as measured by multi- 
analyte cytokine profiling. (D) TNF and IL-6 pro- 
duction by LPS-stimulated BMDMs [WT and iRhom27”— 
(KO); mean of three experiments + SD], as mea- 
sured by enzyme-linked immunosorbent assay (ELISA). 
All graphs show means + SD. 
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Our results are consistent with iRhom2 being a 
rate-limiting factor in releasing TACE from the ER. 
To examine this directly, we expressed mouse iRhom2 
in human embryonic kidney (HEK) cells and as- 
sayed its effect on endogenous human TACE. Over- 
expression of iRhom2 caused excess TACE to leave 
the ER, which resulted in more furin-processed 
TACE (Fig. 3D, white arrow), and this translated 
into an overall increase in TACE enzyme activity 
(Fig. 3E). This result demonstrates that 1Rhom2 is 
rate-limiting for TACE activity and also indicates 
conservation of human and mouse iRhom2 func- 
tion. This was confirmed by showing that knock- 
down of human iRhom2 expression by RNA 
interference (RNAi) inhibited the maturation of 
endogenous TACE in human cells (Fig. 3F). 

How might iRhom2 control trafficking of 
TACE? Because most TACE resides in the ER, 
which is also where the bulk of iRhom2 is de- 
tected in COS cells (//), we asked whether they 
can bind to each other directly. Indeed, when 
coexpressed in HEK cells, mouse iRhom2 ef- 
ficiently immunoprecipitated tagged mouse 
TACE (Fig. 4A and fig. S3A), whereas multiple 
control transmembrane proteins showed no in- 
teraction with iRhom2 (Fig. 4, A and F; and fig. 
S3, A and B). Conversely, tagged iRhom2 was 
immunoprecipitated by endogenous TACE (fig. 
S3C). Moreover, we found that both endogenous 
TACE and iRhom2 proteins could coimmuno- 
precipitate one another in macrophages (Fig. 4, B 


A lumen 
rhomboid j iRhom 


and C). iRhom2 interacts with both endogenous 
full-length TACE and the mature form (Fig. 4A; 
black and white arrowheads, respectively), al- 
though by increasing the stringency of the bind- 
ing and washing conditions, we found that the 
interaction is weaker once the TACE prodomain 
is removed (Fig. 4D; immature and mature TACE 
indicated by black and white arrowheads, respec- 
tively). We also tested whether iRhom2 interacts 
with ADAM10, TACE’s closest relative (/6). In 
contrast to TACE, no interaction (Fig. 4A) or ef- 
fect on ADAM10 trafficking (Fig. 4E) was de- 
tected, which indicated a high level of specificity 
of iRhom2 for potential client proteins. 

The membrane-permeable chemical cross- 
linker dithiobis(succinimidyl propionate) (DSP) 
could cross-link iRhom2 to both full-length and 
mature TACE (Fig. 4F; black and white arrow- 
heads, respectively) in living HEK cells, which 
implied that the interaction occurs in vivo and 
that the two proteins are less than 12 A apart. 
Therefore, the binding is probably direct. To- 
gether, these data make a strong case that iRhom2 
binds directly to TACE and so regulates its traf- 
ficking from the ER. We envisage two alternative 
models to explain these results. Either iRhom2 
is required in the ER for the folding and/or mat- 
uration of TACE, or it acts like a cargo receptor 
to assist the onward trafficking of TACE. In 
support of the latter model, we find that iRhom2 
in macrophages carries endo-H-resistant, Golgi- 
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specific glycans (Fig. 4G), which implies that 
at least some iRhom2 is trafficked beyond the 
ER. This is consistent with the observed binding 
in vivo of iRhom2 to both full-length and mature 
TACE. The reduction in affinity once the prodo- 
main is removed suggests possible release of TACE 
from iRhom2 once activated by furin (although we 
emphasize that this last interpretation is specula- 
tive). In further support of our model, and as an 
argument against TACE folding being substantially 
disrupted, catalytically inactive TACE immuno- 
precipitated from iRhom2 KO cells (Fig. 2E) can 
be made active by incubation with recombinant 


Fig. 2. TNF biogenesis is normal, but TACE pro- 


furin (Fig. 4H). This indicates that lack of access 
to furin is the primary cause of TACE inactivity. 

These data, along with our previous results (//), 
suggest that iRhoms are polytopic membrane 
proteins that bind to single-pass transmembrane 
proteins in the ER and so regulate their subsequent 
trafficking (Fig. 41). Depending on the specific 
iRhom, the client, and/or the cellular context, iRhoms 
can promote exit from ER, or degradation (//). 
The ER exit of some Toll-like receptors, which also 
have a single transmembrane domain (TMD), de- 
pends on an unrelated polytopic membrane pro- 
tein, Unc93b1 (2/). Perhaps trafficking assistance 


+LPS 
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for proteins with single TMDs is common; they 
may require specific cargo reception machinery, or 
alternatively, TMD chaperones may prevent non- 
specific TMD interactions. There is a family of 
other nonproteolytic rhomboidlike proteins that 
also lack defining features of iRhoms, including, 
very distantly, derlins (0, 22). It is possible that 
this wider group of rhomboidlike membrane pro- 
teins may also interact with, and regulate, the fate 
of single-pass transmembrane proteins. 

This work provides a mechanistic explanation 
for why TNF production is abolished in iRhom2 
KO mice. Note that iRhom2 expression is itself 
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pressing mouse iRhom2 were deglycosylated with 

endo-H (H) or PNGase F (F) and immunoblotted for TACE. Unlike mouse 
BMDM-derived TACE, human TACE can be detected as two species in lysates 
without prior deglycosylation (immature, black arrowhead; mature, white 
arrowhead). (E) Activity of TACE IPs from HEK cells expressing iRhom2 (mean 
of three experiments + SD); specificity of the IP was confirmed by Western 


blot (inset). (F) The effect of small interfering RNA knockdown of human 
iRhom2 (and combined iRhom1/2) on the expression of endogenous mature 
TACE (white arrowhead; black arrowhead indicates immature TACE) in human 
HEK 293T and HeLa cells. As a control, an unrelated member of the rhomboid 
family (RHBDL2) was knocked down. The asterisk denotes a nonspecific band. 
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Fig. 4. iRhomz2 interacts with TACE and leaves the ER. (A) HEK cells or HEK cells 
stably expressing iRhom2-HA were transfected with TACE-V5 or ADAM10-V5. 
Lysates were immunoprecipitated with HA-specific antibody and immunoblotted 
with V5 and HA antibodies. Coimmunoprecipitation of immature and mature 
TACE is indicated by black and white arrowheads, respectively. (B) Macrophage 
lysates were immunoprecipitated with antibody against TACE and immunoblotted 
for iRhom2 or TACE. Arrowhead, endogenous iRhom2; black asterisk, a non- 
specific band detected in both KO and WT; white asterisk, background binding of 
iRhom2 to the resin. (C) Macrophage lysates were immunoprecipitated with anti- 
iRhom2 and immunoblotted for iRhom2 or TACE. White arrowhead, endogenous 
TACE; black arrowhead, endogenous iRhom; white asterisk, original TACE signal 
detected following reprobing; black asterisk, a nonspecific band in all IP lanes. (D) 
HEK cells expressing iRhom2-HA were immunoprecipitated with HA-specific 
antibody and immunoblotted for TACE. Immature and mature TACE are indicated 
by black and white arrowheads, respectively. Immunoprecipitations were per- 
formed under mild (Triton X-100 detergent) and more stringent [radioimmuno- 
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precipitation assay (RIPA) buffer] conditions. (E) Complete input extracts (inp) and 
surface biotinylated proteins (+) from WT and iRhom2 KO macrophages immuno- 
blotted for ADAM10. Black arrowhead, immature ADAM10; white arrowhead, 
mature ADAM10. (F) IPs (in RIPA buffer) of iRhom2-HA from HEK cells; pre- 
cipitates were done +/— the cross-linker DSP. IPs were immunoblotted for TACE; 
immature and mature TACE are indicated by black and white arrowheads, 
respectively. Transferrin receptor and pan-cadherin immunoblots were used as 
negative controls. (G) Lysates from LPS-treated WT or KO macrophages were 
treated with endo-H (H) or PNGase-F (F) and immunoblotted for iRhom2. Arrow, 
fully glycosylated iRhom2; black and white arrowheads, endo-H-resistant single 
glycan form and unmodified polypeptide, respectively (iRhom2 has two predicted 
N-linked glycosylation sites; only one is modified in the Golgi). (Bottom) TACE in 
the same lysates as control. Black arrowhead, endo-H—sensitive TACE; bracket, 
endo-H-resistant TACE; white arrowhead, mature TACE; asterisks, nonspecific 
bands. (H) TACE IPs were preincubated —/+ 100 nM recombinant furin before 
TACE activity was measured. (I) Model of iRhom2 function in macrophages. 


up-regulated by TNF signaling (23), which implies 
a positive-feedback loop: TNF up-regulates the 
mechanism that promotes its own activation. Pos- 
itive feedback can sharpen physiological signaling 
responses—but can also promote hyperactivity if 
normal regulation is disrupted—and underlies a 
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iRhom2 Regulation of TACE Controls 
TNF-Mediated Protection Against 
Listeria and Responses to LPS 


David R. Mcllwain,”’** Philipp A. Lang,””?* Thorsten Maretzky,’ Koichi Hamada,” 

Kazuhito Ohishi,° Sathish Kumar Maney,? Thorsten Berger,” Aditya Murthy,’ Gordon Duncan,* 
Haifeng C. Xu,”’? Karl S. Lang,””® Dieter Haussinger,? Andrew Wakeham,? Annick Itie-Youten,* 
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Innate immune responses are vital for pathogen defense but can result in septic shock when excessive. A key 
mediator of septic shock is tumor necrosis factor—o. (TNFa), which is shed from the plasma membrane after 
cleavage by the TNFa convertase (TACE). We report that the rhomboid family member iRhomz2 interacted 
with TACE and regulated TNFo. shedding. iRhom2 was critical for TACE maturation and trafficking to the 
cell surface in hematopoietic cells. Gene-targeted iRhom2-deficient mice showed reduced serum TNFa in 
response to lipopolysaccharide (LPS) and could survive a lethal LPS dose. Furthermore, iRhom2-deficient 
mice failed to control the replication of Listeria monocytogenes. Our study has identified iRhom2 as a 
regulator of innate immunity that may be an important target for modulating sepsis and pathogen defense. 


REPO 


1, B and C). Because TNFR shedding is 
mediated by TNFo convertase (TACE) [also 
known as a disintegrin and MP (ADAM) 17] 
(1), we investigated whether iRhom2 inter- 
acts with TACE. Mature TACE is generated 
after processing of its prodomain in the Golgi 
(12, 13). By preparing cell lysates in the 
presence of MP inhibitors to prevent auto- 
catalytic degradation of mature TACE (/2) 
and by performing concanavalin A (Con A) 
lectin purification, we were able to use 
immunoblotting to clearly distinguish im- 
mature (or pro-TACE) from the active mature 
form of TACE (fig. S3). Immunoprecipitation 
of lysates of iRhom2-overexpressing fibro- 
blasts followed by immunoblotting revealed a 
physical association between tagged iRhom2 
and both pro- and mature forms of TACE, 
which suggested that iRhom2 and TACE are 
associated through multiple stages of the 


umor necrosis factor-a (TNFa) is both 
[eset for effective innate immunity 

and a pathologic contributor to inflam- 
matory diseases, including sepsis and rheu- 
matoid arthritis (/—4). How TNFo signaling is 
regulated, however, is still not fully under- 
stood. To identify new molecules involved in 
regulating TNFo signaling, we performed an 
unbiased cyclic packaging rescue screen (5) to 
isolate cDNAs conferring TNFa resistance. 
One such candidate was a short cDNA 
(iRhom2*) derived from the gene encoding 
iRhom2 (Rhbdf2) (fig. $1), which is a largely 
uncharacterized member of the rhomboid 
protein family (6-8). Stable overexpression 
of iRhom2* in L929 cells revealed its 
localization in the endoplasmic reticulum 
(ER), consistent with previous studies of 
iRhoms (S—/0), and partial localization in the 
Golgi apparatus (fig. S2). iRhom2* overex- 
pression protected L929 cells from TNFoa- 
induced apoptosis (Fig. 1A). Experiments 
using the metalloprotease (MP) inhibitor BB- 
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secretory pathway (Fig. 1D). This interaction 
appears specific, as no such association with 
other ADAM family members, including 
ADAM9 and ADAM15, could be detected 


2516 suggested that this TNFa resistance was 
the result of MP-dependent release of TNFa 
receptors (TNFRs) from the cell surface (Fig. 
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Fig. 1. iRhom2 confers resistance to TNFa. in a MP-dependent manner and interacts with TACE. (A) L929 cells 
stably overexpressing iRhom2* or control vector were treated with recombinant TNFo. (rTNFa) at the indicated 
concentrations, and percent viability was determined by Annexin-7AAD exclusion (means + SEM; n = 4 
experiments). (B) Untreated cells from (A) were cultured with or without MP inhibitor BB-2516 (20 1M) for 24 
hours. Soluble TNFR1 in the culture supernatant was measured by enzyme-linked immunosorbent assay 
(ELISA) (means + SEM; n = 3 experiments). (C) Cells from (A) were treated for 24 hours with TNFo. at the 
indicated concentrations plus 20 uM BB-2516, and viability was assessed as in (A) (means + SEM; n = 4 
experiments). (D) WT immortalized mouse embryonic fibroblasts (MEFs) stably overexpressing T7-tagged 
iRhom2 (iR2-17) or control vector and Adam17~“ (Tace~’-) MEFs (negative control) were immunopreci- 
pitated (IP) by using antibodies against T7 or TACE followed by immunoblotting (IB) to detect T7 or TACE. 
ADAM9 and ADAM15 were specificity controls; actin, loading control. Black arrowheads indicate immature 
proforms, whereas gray arrowheads indicate mature forms, of TACE and other ADAMs (for all figures). Empty 
arrowhead is likely a processed form of iRhom2. Con A purification was used to enhance detection of TACE in 
input lanes (unpurified input appears in fig. $3). Results are representative of three trials. 
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(Fig. 1D). These data suggested that as- 
sociation with iRhom2 might be important 
for regulating TACE activity. 

To investigate whether the relation be- 
tween iRhom2 and TACE was physiologically 
relevant, we generated mice deficient for the 
gene that encodes iRhom2 (iRhom2’) in 
which exons 4 to 14 of the iRhom2 gene were 
deleted, which abolished expression of 
iRhom2 mRNA (fig. $4). iRhom2’ mice 
are viable and fertile, show no obvious 


defects, have a normal life-span, and exhibit 
a normal immune cell distribution (table S1). 
Because TACE is classically known to be the 
enzyme responsible for production of soluble 
TNFa through surface shedding (/4, 15), we 
analyzed TNFo. production by macrophages. 
When thioglycollate-elicited peritoneal macro- 
phages (TGEMs) were isolated from control 
(iRhom2** or iRhom’’-) mice and stimulated 
in vitro with the Toll-like receptor (TLR) 4 
ligand lipopolysaccharide (LPS), the mRNA 


levels of iRhom2, TACE, and TNFa were all 
increased (fig. S5, A to C). TACE and TNFa 
mRNA levels were comparably up-regulated 
in LPS-stimulated iRhom2-’ TGEMs (fig. 
S5, B and C), but significantly less TNFa 
protein was shed into mutant cell culture 
supernatants than into control supernatants 
(Fig. 2A). Consistent with a block in mem- 
brane-bound TNFa cleavage (/6) in the ab- 
sence of iRhom2, LPS-treated iRhom2 ~— 
TGEMs accumulated higher expression of 
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Fig. 2. iRhom2 deficiency reduces TACE activity in vitro. (A and B) WT and 
iRhom2”~ TGEMs were stimulated in vitro with 1 ug/ml LPS, with or without 
20 uM BB-2516. (A) TNFa in culture supernatants was determined by ELISA 
after 24 hours of treatment (means + SEM of triplicates). (B) Membrane- 
bound TNFa was assayed by flow cytometry after 3 hours of treatment. Results 
are representative of three trials. (C) Isolated WT and iRhom2~~ total splenocytes 
were stimulated in vitro with 25 ng/ml PMA for 3 hours, and CD62L expression on 
CD4* T cells and Gri* granulocytes was determined by flow cytometry. Results 
are representative of three trials. (D) WT and iRhom2~~ total splenocytes were 
stimulated with 2 mM BzATP for the indicated times, and surface—levels of CD62L 
and CD23 (ADAM10 substrate) on B220*CD3° B cells were determined by flow 
cytometry (means + SEM; n = 3 mice per group). (E) Con A—purified lysates of 
control and iRhom2~~ splenocytes (SPL) or BMDMs were immunoblotted to 


detect pro- (black arrowhead) and mature (gray arrowhead) TACE. Adam17~— 
(TaCE~’-) MEFs, negative control. Additional controls appear in fig. S6A. Results 
are representative of three trials. (F) (Left) Control and iRhom2~~ BMDMs were 
transfected with vectors expressing TACE-HA or ADAM10-HA (green), stimulated 
with LPS, and visualized by confocal immunofluorescence microscopy. Giantin 
(red) and 4',6'-diamidino-2-phenylindole (DAPI) stain (blue). Scale bar, 10 tum. 
(Right) Percentages of control and iRhom2”~ BMDMs that exhibited granulated 
vesicular appearance of TACE or ADAM10 localization (means + SEM; n = 4 to 6 
experiments). (G) (Top) Immunoblot to detect pro- (black arrowhead) and mature 
(gray arrowhead) TACE in whole-cell lysates and purified cell surface fractions of 
control and iRhom2~ BMDMs. (Middle) P97, intracellular protein (negative 
control). (Bottom) Pro- (black arrowhead) and mature (gray arrowhead) ADAM9 
(positive control). Results are representative of three trials. 


13 JANUARY 2012 VOL 335 SCIENCE www.sciencemag.org 


Downloaded from www.sciencemag.org on January 12, 2012 


membrane-bound TNFo than controls (Fig. 
2B, left). Treatment with BB-2516 mimicked 
iRhom2 deficiency, as it increased levels of 
membrane-bound TNFa on LPS-stimulated 
wild-type (WT) TGEMs to levels observed 
on untreated iRhom2 “ TGEMs (Fig. 2B, 
right). No difference in the secretion of other 


Fig. 3. iRhom2 deficiency prevents LPS-induced liver pathology 


LPS-induced cytokines, such as interleukin-6 
(IL-6) or IL-12, was observed (fig. S5, D and 
E). Although a mechanism of triggering IL-12 
production involving processing of the TNFa 
intracellular domain has been described (/7), 
proficient IL-12 production in iRhom2 ” 
macrophages after LPS is consistent with 
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other mouse models incapable of producing 
soluble TNFa (78). 

TACE is also crucial for the stimulus- 
dependent cleavage of other substrates from 
the surfaces of immune cells, including L- 
selectin (CD62L) (//). Granulocytes and CD4* 
T cells that were isolated from iRhom2 “ 
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mice and stimulated in vitro with phorbol-12- 
myristate-13-acetate (PMA) to activate TACE 
(11) showed impaired CD62L surface down- 
regulation compared with controls (Fig. 2C). 
Similarly, when WT and iRhom2 B cells 
were stimulated with the nucleotide analog 2’ 
(3')-O-(4-benzoyl)benzoyl adenosine 5’-tri- 
phosphate (BzATP) to induce shedding of 
both CD62L and CD23 (an ADAM1O0 sub- 
strate), only CD62L shedding was inhibited in 
iRhom2 ‘ B cells (Fig. 2D). We also detected 
elevated surface expression of another TACE 
substrate, intercellular adhesion molecule— 
1 (19), on iRhom2’ TGEMs (fig. SSE). 
Taken together, these results suggest that 
iRhom2 is specifically required for TACE- 
mediated shedding of multiple surface mole- 
cules, including TNFo, from immune cell 
surfaces. 

To determine potential mechanisms by 
which iRhom2 might control TACE activity, 
we examined the status of TACE maturation 
in the absence of iRhom2. Using immuno- 
blotting, we readily detected both the inactive 
pro- and active mature forms of TACE in 
splenocytes and bone marrow-derived macro- 
phages (BMDMs) from control mice. Howev- 
er, iRhom2 ’ splenocytes and BMDMs 
exhibited only pro-TACE expression (Fig. 2E 
and fig. S6A). When we analyzed the 
subcellular localization of hemagglutinin 
(HA)-tagged TACE (TACE-HA) in WT 
BMDMs by immunofluorescence microscopy, 
TACE was broadly distributed, which includ- 
ed prominence in the cell periphery. In 
contrast, TACE appeared mislocalized in 
iRhom2? ’ BMDMs, as it was restricted to 
granular vesicular compartments. (Fig. 2F and 
fig. S6, B and C). No discernible differences 
were observed in ADAM10-HA localization 
between WT and iRhom2 “ BMDMs (Fig. 2F 
and fig. S6B). To examine if this phenotype 
held true for endogenous TACE, we isolated 
cell surface proteins from BMDMs by bio- 
tinylation and probed for endogenous TACE 
by immunoblotting. Consistent with our mi- 
croscopy data, mature TACE was correctly 
localized in cell surface fractions of WT 
BMDMs, whereas iRhom2 “ BMDMs exclu- 
sively expressed only minute quantities of 
pro-TACE at the cell surface (Fig. 2G). These 
data suggest that iRhom2 is critical for trig- 
gering TACE maturation and trafficking to the 
cell surface and may explain why iRhom2 is 
necessary for TACE activity in immune cells. 

To examine the consequences of iRhom2- 
mediated regulation of TACE maturation in 
vivo, we injected control and iRhom2 “ mice 
with LPS and determined serum TNFa levels. 
The mutants showed dramatically less serum 
TNFa than controls (Fig. 3A), and granulo- 
cytes isolated from these animals exhibited 
decreased LPS-stimulated down-regulation of 
CD62L (Fig. 3B and fig. S7A). A well-known 
model of TNFa-mediated septic shock and 


liver damage involves the combined injection 
of LPS and p-galactosamine (GalN) (4). When 
we injected control and iRhom2 ’ mice with 
LPS and GalN, serum TNFo was reduced in 
the mutants, whereas IL-6, IL-12, and inter- 
feron-y (IFNy) levels were comparable with 
those in controls (fig. S7B). Examination of 
liver histology 6 hours after injection showed 
that 87% of LPS- and GalN-treated control 
mice had disrupted liver architecture, com- 
pared with only 35% of LPS- and GalN- 
treated iRhom2 ’ mice (Fig. 3C). In terms of 
lethality, whereas most LPS- and GalN-treated 
control mice died within 24 hours, most LPS- 
and GalN-treated iRhom2 ‘ mice survived 
beyond the 48 hours of the experiment (Fig. 
3D). However, treatment of control and 
iRhom2 ’ mice with recombinant TNFa and 
GalN led to similar rates of death (Fig. 3E and 
fig. S7, C and D). Thus, although in vivo 
responses to exogenous TNFo are normal in 
iRhom2 ’ mice, endogenous production of 
soluble TNFa is impaired, such that these 
mutants are resistant to LPS lethality. 

TNFa and TNFRI are crucial for defense 
against bacterial infections (4, 16, 20, 21). To 
determine whether iRhom2 is required for 
TNFa-mediated antibacterial activity, we 
infected TGEMs from untreated control and 
iRhom2 ’~ mice with the intracellular bacteri- 
um, L. monocytogenes. Little TNFa was 
detected in the supernatants of infected 
iRhom2? ’- TGEM cultures (Fig. 4A). When 
control and iRhom2’ mice were infected 
with L. monocytogenes, serum levels of IL-6, 
IL-12, and IFNy were comparable (fig. S8A), 
and no differences in granulocyte infiltration 
were observed in spleen or liver (fig. S8B). 
Although granuloma formation and _intra- 
cellular L. monocytogenes were detected in 
liver tissues of both control and iRhom2 
mice (Fig. 4B), more granulomas were present 
in infected iRhom2 “liver than in the control 
(Fig. 4C). In addition, L. monocytogenes titers 
in spleen, liver, kidney, and brain were all 
significantly higher in iRhom2 “~ mice than in 
controls 4 days after infection (Fig. 4D). As a 
result, iRhom2 ’ mice rapidly succumbed to 
the infection (Fig. 4E), a pattern that held true 
even at bacterial doses that were nonlethal for 
control mice (Fig. 4F). Thus, iRhom2 is 
critical for defense against L. monocytogenes. 

Our data support a role of iRhom2 as an 
essential factor for the activity and trafficking 
of TACE in hematopoietic cells and are 
supported by the results presented in the 
accompanying manuscript by Adrain ef al. 
(22). Mice with a myeloid cell-specific 
deletion in TACE, are similar to iRhom2/~ 
mice in that both are resistant to LPS-induced 
septic shock and defective in generating 
soluble TNFa (23). Unlike what we observed 
in the iRhom2 ’ mice, TACE-deficient (Ad- 
am17’) mice often die perinatally (//). 
These differences may be the result of cell-, 


or context-specific effects of iRhom2 
function. The inhibition of iRhom2 may 
represent a potential new therapeutic approach 
for treating TNFo-mediated diseases. 
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which suggests that these nucleotides help form a 
ligand-binding aptamer for fluoride. The pattern 
of products resulting from in-line probing at var- 
ious fluoride concentrations reveals an apparent 
dissociation constant (Kp) of ~60 uM (Fig. 1D). 
We obtained similar Kp values with crcB motif 
RNAs from other organisms (fig. $3). 

Ca*" forms a strong complex with fluoride 
ions (/2), and the addition of Ca** in excess over 
fluoride precludes RNA structure changes (fig. S4). 
This demonstrates that free fluoride is impor- 
tant for binding by the RNA. The 78 Psy RNA 
rejects other halogen anions (chloride, bromide, 
iodide), even when they are added at high con- 
centrations (fig. S5). Likewise, hydroxide ions 
(up to pH 9.7) and carbon monoxide and nitric 
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Most riboswitches are metabolite-binding RNA structures located in bacterial messenger RNAs 
where they control gene expression. We have discovered a riboswitch class in many bacterial 
and archaeal species whose members are selectively triggered by fluoride but reject other small 
anions, including chloride. These fluoride riboswitches activate expression of genes that encode 
putative fluoride transporters, enzymes that are known to be inhibited by fluoride, and additional 
proteins of unknown function. Our findings indicate that most organisms are naturally exposed 
to toxic levels of fluoride and that many species use fluoride-sensing RNAs to control the 
expression of proteins that alleviate the deleterious effects of this anion. 


in oral hygiene products and water since 
the 1950s because of its usefulness in pre- 
venting tooth decay. Fluoride ions present at mil- 
limolar concentrations in bacterial culture media 
inhibit cell growth (/—3), and this has been pro- 
posed as one of the mechanisms for its efficacy 
(4-7). However, little has been reported on how 
organisms respond to toxic levels of fluoride. 
We identified a fluoride-responsive riboswitch 
class by analyzing a group of noncoding RNA 
structures that carry a conserved domain called 
the crcB motif (Fig. 1A) (8, 9). crcB motif RNAs 
are located upstream of genes encoding proteins 
of diverse functions and presumably regulate these 
genes. Some of the gene products are annotated 


F luoride has been widely used as an additive 


as ion transporters (for example, chloride, sodi- 
um, proton) and some others are involved in var- 
ious physiological (e.g., universal stress adaptation, 
DNA repair) or metabolic (e.g., enolase, formate- 
hydrogen lyase) processes (fig. S1). 

We used a method called in-line probing 
(J0, 11) to assess the binding of various possible 
metabolites, which unexpectedly revealed that 
fluoride contaminating a commercial compound 
sample caused extensive conformational changes 
in crcB RNAs (fig. S2). Using a 78-nucleotide 
RNA called 78 Psy that encompasses the crcB 
motif from Pseudomonas syringae (Fig. 1B and 
table S1), we determined that the most highly 
conserved nucleotides of this RNA class undergo 
structural change on addition of NaF (Fig. 1C), 


oxide as dissolved gasses do not induce RNA 
folding changes. 

Mutations that alter the aptamer’s conserved 
substructures (fig. S6) or conserved nucleotides 
(fig. S7) adversely affect fluoride binding, indi- 
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cating that the features common to all crcB motif 
RNAs are necessary for the selective recognition 
of fluoride. Certain RNAs are known to directly 
bind chloride ions (/3), and therefore it seems 
conceivable that RNA could form a fluoride- 
specific pocket without the use of a cofactor. 
Selectivity could be based on the ionic radius of 
fluoride (0.133 nm), which is smaller than those 
of other chemical species tested, including chlo- 
ride (0.181 nm); also, fluoride has unique hydrogen- 
bonding abilities (9). Alternatively, the polyanionic 
crcB motif RNAs may exploit one or more Mg”* 
ions to form bridging contacts between anionic 
fluoride and nucleotides. 

A reporter construct was created by joining a 
representative crcB motif RNA from the Bacillus 
cereus crcB gene to a lacZ gene (transcriptional 
fusion). The observed activation in B. subtilis of 
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the reporter gene by fluoride (figs. S8 and S9) 
and additional in-line probing experiments (fig. 
S10) indicate that this representative is a fluoride- 
responsive riboswitch that operates by control- 
ling the formation of an intrinsic transcription 
terminator stem. 

The homologous fluoride riboswitch from a 
P. syringae eriC gene was joined (translational 
fusion) to JacZ, and the plasmid-based construct 
was transformed into an Escherichia coli strain 
with its natural /JacZ gene disabled. High ex- 
pression occurred when cells were grown on a 
medium supplemented with 50 mM fluoride, 
whereas lower fluoride concentrations resulted in 
little or no expression (Fig. 2A, left side). Results 
of mutational analysis of this representative 
(fig. S11) also are consistent with our hypothesis 
that the crcB motif RNA from P. syringae is a 
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media cultures of WT E. coli cells or crcB KO E. coli cells 
transformed with a riboswitch reporter fusion construct car- 
rying the P. syringae eriC fluoride riboswitch. (B) Plot of the 
B-galactosidase reporter activity versus fluoride concentra- 
tion (©) in liquid media supporting growth of transformed 
E. coli cells [see (A)] as quantified using Miller assays. WT and 
crcB KO E. coli cells grown in media supplemented with 50 mM 
NaCl (no added fluoride) yielded 0.06 and 15.5 Miller units, 
respectively. 
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fluoride-responsive riboswitch that controls gene 
expression by regulating translation initiation. 

The crcB genes, which are most commonly 
associated with fluoride riboswitches, have pre- 
viously been implicated in chromosome conden- 
sation and camphor resistance (/4). However, 
crcB genes are predicted to code for mem- 
brane proteins (/5) belonging to a superfamily 
that is predominantly composed of transporters 
(16), Therefore, we speculated that CrcB proteins 
might function as fluoride transporters to reduce 
cellular concentrations of this anion. An E. coli 
strain carrying a genetic knockout (KO) of its 
crcB gene could not grow at 50 mM fluoride and 
exhibited high reporter gene expression even at 
low (for example, 0.2 mM) fluoride concentra- 
tions (Fig. 2A, right side). 

We recorded a series of growth curves for 
wild-type (WT) and KO cells at various fluoride 
concentrations in liquid media to assess whether 
there is a correlation between cell growth and re- 
porter gene activity as fluoride concentrations in 
the medium are increased. For WT E. coli cells, 
growth was noticeably reduced at 30 mM NaF, 
and the minimum inhibitory concentration (MIC) 
for fluoride was ~200 mM (Fig. 3A and fig. S12A). 
In contrast, the growth of the E. coli crcB KO strain 
is inhibited by micromolar amounts of fluoride 
and exhibits an MIC of slightly higher than 1 mM 
(Fig. 3B and fig. S12A). Fluoride sensitivities of 
both strains are heightened under acidic condi- 
tions (fig. S12B) due to the increased membrane 
permeability of hydrogen fluoride. 

A comparison of the growth curves (Fig. 3 
and fig. S12) with the reporter gene expression 
driven by fluoride riboswitches (Fig. 2) indicates 
that reporter expression increases in proportion to 
the amount of fluoride in the culture media until 
the anion concentration becomes toxic to cells. 
Both growth inhibition (Fig. 3B) and reporter 
gene expression (Fig. 2B) phenotypes are sim- 
ilarly shifted to lower fluoride concentrations in 
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supplemented with specific amounts of NaF were inoculated with identical 
amounts of WT £. coli cells and the optical density (0.D.) at 600 nm was periodically 
recorded over a 16-hour period. (B) Growth curve plots for the £. coli crcB KO 
strain. (C) Anion efflux of an EriC* protein associated with the P. syringae fluoride 


riboswitch. Gray and black lines depict ion-transport measurements from liposomes 
in the absence or presence of protein, respectively. The high fluoride baseline is due to the relative membrane permeability of HF (pK, of 3.4) compared with 
chloride (pK, of —7). Asterisks in (C) and (D) identify the times at which protein-mediated anion transport is initiated. (D) Anion efflux by an EriC protein from 
E. coli that is known to serve as a chloride transporter. 
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crcB KO cells. These findings suggest that CrcB 
protein is important for reducing fluoride con- 
centrations in cells, thus reducing its toxicity. 

Another gene family commonly associated 
with fluoride riboswitches is a distinct subset of 
highly related eriC genes (hereafter called eriC”) 
coding for ClC-type ion channel proteins. The pro- 
totypic eriC representatives exhibit specificity for 
chloride (fig. S13) (17-19). However, EriC* pro- 
tein homologs commonly associated with fluoride 
riboswitches carry a distinct set of amino acids in 
their putative channels compared with validated 
chloride-specific EriC proteins (fig. S14). This 
finding suggests that members of the EriC* sub- 
group could be channels for fluoride anions. An- 
ion flux assays conducted with the EriC” protein 
from P. syringae reveal similar efficiency for chlo- 
ride and fluoride transport (Fig. 3C), whereas a 
typical EriC protein from £. coli greatly favors 
chloride over fluoride (Fig. 3D). 

We assessed the biological function of the 
EriC” variant from P. syringae by expressing the 
protein in the £. coli strain lacking the CrcB 
protein. Consistent with fluoride transport activ- 
ity, the P. syringae eriC’ gene rescues growth of 
the E. coli crcB KO strain to yield cells with re- 
stored resistance to high fluoride concentrations 
in both liquid and solid media (fig. S15). The 
functional equivalency of EriC’ and CrcB pro- 
teins is likewise suggested by their distributions 
among bacterial species (fig. $16). The genes for 
these putative fluoride transport proteins are rare- 
ly observed in the same species under the control 
of fluoride riboswitches, suggesting that their bio- 
chemical roles may be identical. 

crcB genes associated with fluoride ribo- 
switches are distributed broadly among bacteria 
and archaea (fig. S16). Riboswitches are associ- 
ated with genes for CrcB proteins that vary great- 
ly in amino acid sequence (fig. S17), suggesting 
that all CrcB proteins might have the same func- 
tion in mitigating fluoride toxicity. If true, a sur- 
prisingly large number of organisms are predicted 
to contend with fluoride toxicity, including eu- 
karyotic lineages such as fungi and plants. More- 
over, the bacterium Streptococcus mutans (a 
causative agent of dental caries) encodes EriC* 
proteins in the same genomic location where oth- 
er Streptococcus species encode CrcB proteins 
(fig. S18). This arrangement again supports the 
hypothesis that the proteins are functionally equiv- 
alent and reveals the importance of fluoride tox- 
icity resistance for S. mutans. 

Though the vast majority of species encode 
at most 2 fluoride riboswitches, the bacterium 
Methylobacterium extorquens DM4 encodes at 
least 10 fluoride riboswitches in its genome. This 
organism, known for its ability to consume hal- 
ogenated hydrocarbons as a food source (20), has 
been shown to survive on dichloromethane. The 
pertinent halogenase enzyme can catalyze the deg- 
radation of dibromomethane (2/), suggesting that 
this organism also might degrade fluorinated hy- 
drocarbons, which would generate fluoride an- 
ions and require a more robust fluoride sensor 
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and toxicity mitigation response system for rapid 
growth on fluorinated food sources. 

Our findings resolve a long-standing mys- 
tery regarding why some species carry sensor 
and mitigation systems for toxic metals such as 
arsenic, cadmium, lead, and silver, whereas an 
analogous fluoride-specific system had been no- 
tably absent (22). The pervasive occurrence of 
these fluoride toxicity mitigation systems is con- 
sistent with the fact that fluorine is the 13th most 
abundant element in Earth’s crust. Given their 
wide distributions, fluoride-specific riboswitches 
and commonly associated proteins such as CrcB 
may represent components of an ancient system 
by which cells have contended with toxic levels 
of this anion. 
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Erasure of a Spinal Memory Trace 
of Pain by a Brief, High-Dose 
Opioid Administration 


Ruth Drdla-Schutting, Justus Benrath,* Gabriele Wunderbaldinger, Jiirgen Sandkthlert 


Painful stimuli activate nociceptive C fibers and induce synaptic long-term potentiation 

(LTP) at their spinal terminals. LTP at C-fiber synapses represents a cellular model for pain 
amplification (hyperalgesia) and for a memory trace of pain. u-Opioid receptor agonists exert 

a powerful but reversible depression at C-fiber synapses that renders the continuous application 
of low opioid doses the gold standard in pain therapy. We discovered that brief application of 

a high opioid dose reversed various forms of activity-dependent LTP at C-fiber synapses. 
Depotentiation involved Ca**-dependent signaling and normalization of the phosphorylation 
state of a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors. This also reversed 
hyperalgesia in behaving animals. Opioids thus not only temporarily dampen pain but may also 


erase a spinal memory trace of pain. 


-Opioid receptors (MORs) are expressed 
on spinal terminals of nociceptive 
C-fiber afferents and mediate the acute 
and quickly reversible presynaptic de- 
pression by opioids, mainly via inhibition of N- 
and P/Q-type voltage-gated calcium channels 
(2). In addition, brief activation of postsynaptic 
MORs triggers a rise in postsynaptic Ca?" lev- 
els by increasing Ca" influx through N-methyl- 


D-aspartate (NMDA)-receptor channels (2) and 
by releasing Ca?” from ryanodine-sensitive intra- 
cellular Ca** stores (3). 

The acute synaptic depression and the pre- 
vention of synaptic plasticity by opioids have 
been studied extensively (4-6). In contrast, sur- 
prisingly little is known about the potential in- 
duction of Ca”*-dependent synaptic plasticity by 
opioids. 
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Synaptic long-term potentiation (LTP) is a 
cellular model for learning and memory forma- 
tion. The reversal of LTP, that is, synaptic depo- 
tentiation, is a potential mechanism of memory 
erasure (7). Depotentiation involves Ca”*-dependent 
signaling (8) and may reverse LTP-associated 
changes in the phosphorylation state of o.-amino- 
3-hydroxy-5-methyl-4-isoxazolepropionic acid 
receptors (AMPARs) (9). We tested the hypoth- 
esis that brief application of a MOR agonist re- 
verses LTP at C-fiber synapses in superficial 
lumbar dorsal horn by Ca”*-dependent signaling 
pathways, which normalize the phosphorylation 
state of AMPAR subunits. 

In adult rats, conditioning low-frequency stim- 
ulation (LFS) of sciatic nerve fibers at C-fiber 
intensity induced LTP of spinal C fiber-evoked 
field potentials (70) (Fig. 1A). Brief intravenous 
infusion of a high dose of the ultrashort-acting 
MOR agonist remifentanil (450 wg-kg ‘hour ') 
acutely depressed potentiated responses. Upon 
termination of the remifentanil infusion, C fiber— 
evoked field potentials did not return to the el- 
evated predrug levels but were significantly 
depotentiated from 188 + 11% to 128 + 14% of 
control values before LFS (n = 25, P < 0.001, 
Fig. 1B). This is in contrast to the potentiation of 
C fiber-evoked field potentials upon wash-out of 
remifentanil in naive animals (3, //) and thus can- 
not be explained by an incomplete wash-out of 
the opioid. A second application of remifentanil 
given | hour later fully reversed LTP [depoten- 
tiation from 180 + 11% (mean + SEM) to 128 + 
16% of control after the first application, P= 0.001; 
and to 76 + 14% after second application, P < 
0.001; n= 6, Fig. 1C]. A lower dose of remifentanil 
(225 ugkg ‘hour ') was, however, ineffective 
(196 + 22% versus 194 + 12% of control, n = 5, 
P=1, Fig. 1D). 

Our previous study revealed that abrupt but 
not tapered withdrawal from remifentanil induces 
LTP at naive synapses (3). Here, the same tapering 
regimen had, in contrast, no effect on the efficacy 
of opioid-induced depotentiation (OID; depoten- 
tiation from 180 + 13% to 123 + 10%, n =6, P= 
0.002; fig. S1A). 

OID was unaffected by blockade of spinal 
y-aminobutyric acid type A (GABA,j) receptors 
with picrotoxin (depotentiation from 216 + 19% 
to 151 + 22% of control, n = 7, P = 0.001; fig. 
S1B), indicating that an enhanced inhibition via 
GABAg receptors is not involved. 

Acute depression and OID were fully blocked 
by intravenous application of the opioid receptor 
antagonist naloxone (fig. S1C) and by spinal ap- 
plication of the selective MOR antagonist p-Phe- 
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Cys-Tyr-p-Trp-Orn-Thr-Pen-Thr-NH, (CTOP, 
Fig. 2A), demonstrating that activation of spinal 
MORs is essential for both effects. 

Withdrawal from opioids may trigger the 
release of glutamate and the activation of Ca*'- 
permeable glutamate receptors of the NMDA 
subtype (/2). The activation of group I metabo- 
tropic glutamate receptors (group I mGluRs) may 
lead to an additional rise in free cytosolic Ca** by 
Ca’* release from intracellular stores. Blockade 
of Ca** entry through spinal NMDA receptors 
(Fig. 2B), blockade of group I mGluRs (Fig. 2C), 
or blockade of Ca** release from ryanodine- 
sensitive intracellular stores with dantrolene (Fig. 
2D) all abolished OID but not the acute depres- 
sion by the opioid. 

LTP at the first synaptic relay in nociceptive 
pathways requires activation of Ca”'/calmodulin- 
dependent protein kinase II and protein kinase C 
(PKC) (13, 14), which phosphorylate the GluR1 
subunit of the AMPA receptor at Ser®*! (75, /6). 
Interestingly, the time course of Ser**! phospho- 
rylation in spinal dorsal horn parallels post- 
injury pain amplification (77) and is located to 
the superficial spinal dorsal horn (/8), where C 


0 
-30 0 


2504 LFS 


| 


Remi Remi 


200 


Area of C-fiber evoked field potential (% of control) 


-30 0 60 120 180 240 300 
Time (min) 


30 60 90 120 150 180 210 240 


Bede ale ale aes 


fibers terminate. Here, LFS-induced LTP was also 
associated with changes in the phosphorylation 
state of AMPARs, and we speculated that OID 
may reverse these changes. LFS caused enhanced 
phosphorylation of surface GluR1 subunits of 
AMPARs at Ser*! (S831-p; ratio of $831-p to 
total GluR1 protein levels was increased to 304 + 
60% of control, n = 12, P = 0.006). Remifentanil 
fully reversed this phosphorylation (ratio of S83 1-p 
to total GluR1 protein levels was 118 + 21% of 
control, n = 12, P= 0.41 compared to control, P = 
0.007 compared to LFS group; Fig. 3A). Dephos- 
phorylation of spinal AMPARs at Ser™!, for 
example, by protein phosphatase 1 (PP1), reduces 
single-channel conductance and may thereby nor- 
malize synaptic strength (9). Accordingly, OID 
was completely prevented by blockade of PP1 
(Fig. 2E). 

LFS also induced a dephosphorylation of 
GluR2 subunits of AMPARs at Ser®*° (S880-p) 
in the spinal dorsal horn (ratio of S880-p to total 
GluR2 protein levels was reduced to 67 + 10% of 
control, n = 12, P = 0.007; Fig. 3B). After the 
opioid application, Ser**° was rephosphorylated 
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Fig. 1. Acute opioid administration induces depotentiation of spinal LTP. Area of C fiber—evoked field 
potentials was normalized to baseline values before LTP induction (dotted lines) and plotted versus time 
(min). Data are expressed as mean + 1 SEM. Insets show original traces of field potentials recorded at 
indicated time points; calibration bars indicate 50 ms and 0.2 mV. (A) Mean time course of LTP of C fiber— 
evoked field potentials. LFS (time point zero, arrow) induced LTP in all animals tested (n = 13, P< 0.001). 
(B) Sixty min post-LFS, a high-dose remifentanil infusion [450 j1g-kg~*- hour™ intravenously (i.v.)] was 
started by bolus injection (30 ug-kg~*) and continuously infused for 1 hour (black horizontal bar). After 
wash-out of the drug, LTP was depotentiated (n = 25, P < 0.001). (C) A second infusion of high-dose 
remifentanil, which was started 60 min after the first one, abolished LTP after wash-out of the opioid (n = 
6, P< 0.001). (D) Remifentanil infusion at a low dose (225 .g+kg-* hour * iv.) did not depotentiate LTP 
(n = 5, P = 1) after wash-out of the drug. In all graphs, statistical significance was determined by using 
one-way repeated measures analysis of variance (RM ANOVA). 
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Fig. 2. Signaling pathways involved in opioid-induced depotentiation. LTP 
induction and remifentanil application as in Fig. 1. Different blockers were 
applied directly onto the spinal cord at the recording segment (dashed 
horizontal bars). Insets show original traces of field potentials recorded at 
indicated time points; calibration bars, 50 ms and 0.2 mV. (A) Spinal 
superfusion with the MOR antagonist CTOP (10 uM) abolished acute 
depression and depotentiation in all animals tested (n = 5, P= 1). (B to F), 
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OID was prevented by topical application of the NMDA receptor antag- 
onist D-AP5 (100 uM, n = 5, P = 1), the mGluR antagonists MPEP (100 uM) 
and LY367385 (300 uM, n = 5, P = 0.6), the ryanodine receptor blocker 
dantrolene (500 uM, n = 5, P = 1), the PP1 inhibitor calyculin A (300 nM, 
n=5,P=1), or the PKC blocker chelerythrine (800 uM, n = 7, P= 1). Inall 
experiments, statistical significance was determined by using a one-way RM 
ANOVA. 
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Representative, corresponding West- 
ern blots are shown at the bottom. 


*P < 0.05. (A) LFS induced phosphorylation of AMPAR GluR1 subunits at Ser®27, which was reversed by 
opioid treatment. (B) LFS dephosphorylated AMPAR GluR2 subunits at Ser®°°, whereas remifentanil 


induced rephosphorylation at this site. 


was 127 + 23% of control, n = 12, P = 0.028; 
Fig. 3B). PKC phosphorylates GluR2 subunit at 
Ser**°. This reduces glutamatergic synaptic trans- 
mission by promoting receptor endocytosis (/9). 
Consistently, blockade of PKC fully prevented 
OID without affecting acute depression (Fig. 2F). 
We found no evidence for significant changes in 
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the phosphorylation state of GluR1 subunit of the 
AMPAR at Ser**° after LFS (ratio of S845-p to 
total GluR1 protein levels was 160 + 38% of con- 
trol, n = 12, P= 0.142) or after opioid application 
(93 + 17% of control, n = 12, P = 0.706). The 
above described changes in the phosphorylation 
state of the AMPAR after LFS may enhance 


given after 1 hour. The reversal of late-phase LTP 
by remifentanil was, in contrast to that of early- 
phase LTP, not blocked by the PP1 inhibitor 
calyculin A (220 + 22% versus 156 + 20%, n = 
10, P= 0.024; fig. S2C). 

The persistently active protein kinase MC 
(PKM{) is required in the spinal cord for main- 
taining tactile allodynia after intraplantar injec- 
tion of interleukin-6 (22). We thus asked whether 
PKM€ in spinal cord also plays a role for the 
maintenance phase of LTP (22, 23) after LFS. 
PKMC inhibitor ZIP had, however, no obvious 
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Fig. 4. Capsaicin-induced mechanical hyperalgesia is reduced after opioid administration. Capsaicin 
injection (time point zero, arrow) significantly reduced mechanical withdrawal thresholds in the ipsilateral 
paw of awake, drug-free rats. (A) One group of animals received a 1-hour high-dose remifentanil infusion 
(horizontal bar) 60 min after capsaicin injection (blue circles, n = 7). A control group was treated with an 
intravenous saline infusion (red squares, n = 7). After wash-out of the opioid, mechanical thresholds were 
elevated significantly compared with thresholds before opioid treatment at 150 min (P = 0.05), 180 min 
(P = 0.003), 240 min (P = 0.004), and 300 min (P = 0.002), indicating partial reversal of hyperalgesia. 
(B) Opioid-induced reduction of mechanical hyperalgesia is blocked by the PP1 inhibitor calyculin A. After 
capsaicin injection, calyculin A (300 nM, 10 ul) was injected intrathecally 10 min before a 1-hour high- 
dose remifentanil infusion (red triangles, n = 7). Intrathecal injections of saline served as control (blue 
circles, n = 7). After wash-out of the opioid, mechanical thresholds were elevated significantly compared 
with thresholds before opioid treatment in the control group at 150 min (P = 0.021), 180 min (P = 
0.019), 240 min (P = 0.003), and 300 min (P < 0.001). No effect of the opioid treatment on mechanical 
thresholds could be observed in the calyculin A-treated group (P = 0.523). One-way RM ANOVA or RM 
ANOVA on ranks was used for statistical comparisons. 


effect on the maintenance of LFS-induced LTP 
within the observation period of 6 hours (fig. S2D). 
Depending on the type of conditioning stim- 
ulation, distinct forms of LTP are induced at 
C-fiber synapses, which affect different groups of 
postsynaptic neurons (/3, 24) and involve signal- 
ing pathways that overlap only partially (73, 24, 25). 
We therefore tested whether OID can also be 
achieved for other forms of established spinal LTP. 
We induced LTP by conditioning high-frequency 
stimulation (HFS, 100 Hz; fig. S3A) of sciatic 
nerve fibers or by subcutaneous capsaicin injec- 
tions (fig. S3C). The latter selectively activates 
nociceptive nerve fibers, which express the tran- 
sient receptor potential channel subfamily V mem- 
ber 1 (TRPV1). Remifentanil also fully reversed 
these forms of LTP (after HFS, depotentiation 
was from 158 + 8% to 99 + 9%, n= 12, P< 0.001; 
after capsaicin, depotentiation was from 170 + 16% 
to 100 + 13%, n =5, P<0.001; fig. S3, B and D), 
demonstrating that OID applies to various forms 
of activity-dependent LTP at C-fiber synapses. 
LTP is a synaptic model for some forms of 
hyperalgesia (26). We therefore asked whether 
OID has any relevance for behaving animals. Sub- 
cutaneous injections of capsaicin quickly led to 


mechanical hyperalgesia at the injected hindpaw 
(Fig. 4). The same dosage regimen of remifentanil 
that caused OID significantly attenuated capsaicin- 
induced hyperalgesia (Fig. 4A). Not surprisingly, 
the behavioral hyperalgesia was reversed only par- 
tially by the opioid treatment because additional 
peripheral and central mechanisms contribute to 
capsaicin-induced hyperalgesia (27, 28). PP1 in- 
hibitor calyculin A fully blocked the attenuation 
of hyperalgesia by remifentanil (Fig. 4B), sug- 
gesting that depotentiation at nociceptive C fibers 
may erase a memory trace of pain. LTP is ex- 
pressed in ascending nociceptive pathways, which 
are relevant for the aversive components of pain. 
It will thus be interesting to explore whether 
opioids may also reverse the tonic-aversive state 
of pain (29). 

Taken together, the present and our previous 
data (3) demonstrate that activation of spinal 
MORs triggers distinct, bidirectional, and state- 
dependent synaptic plasticity in naive versus po- 
tentiated C-fiber synapses. Remifentanil activates 
Ca**-dependent signaling pathways, leading to 
activation of PP1 and PKC. At potentiated syn- 
apses, this normalizes the phosphorylation state 
of GluR1 at Ser*! and that of GluR2 at Ser**° 


and thereby depotentiates synaptic strength in C 
fibers. The presently identified reversal of syn- 
aptic LTP in nociceptive pathways provides a ra- 
tionale for novel therapeutic strategies to cure 
rather than to temporarily dampen some forms of 
pain with opioids. 
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HIGH-SPEED FLUORESCENCE IMAGING CAMERA 


Qlmaging 
For info: 800-874-9789 | www.qimaging.com 


HIGH CONTENT SCREENING SYSTEM 

Incorporating state-of-the-art detector and illumination technologies, 
the ImageXpress Micro XL System can capture cellular resolution 
images using a single field that encompasses one 384 well, maxi- 
mizing content up to twofold of what is acquired with standard cam- 
era HCS systems. This generous increase in field of view allows 
users to image twice the number of objects per image, minimizing 
the need to tile when capturing sizeable objects that span across 
the sample. The new MetaXpress 4 Software complements the 
ImageXpress Micro XL System by increasing image analysis speed 
100%, allowing acquisition and analysis of greater than 10 million 
cells per hour. Maintaining extensive sample and objective compat- 
ibility, combined with the longevity of a 10,000+ hour light source, 
the ImageXpress Micro XL System offers researchers an extremely 
flexible widefield high content screening system that can grow with 
expanding applications. 

Molecular Devices 

For info: 800-635-5577 | www.moleculardevices.com 


ACOUSTIC BIOSENSOR 

The samX acoustic biosensor features eight analysis channels and 
adaptable routing that expands the workflow options available for in- 
creased power and flexibility. The new system uses Surface Acoustic 
Wave technology to detect mass binding and protein conformational 
changes on whole cells. Unlike many similar detection platforms, 
the range of sam acoustic biosensors do not require complex label- 
ing methods, are real-time rather than equilibrium, and can be used 
to investigate living cells rather than fixed cells or purified proteins. 
The new samX has two sensor chips for higher-end users, increas- 
ing the number of channels to eight, further facilitating the paral- 
el processing of samples. Using sophisticated fluidics, each chan- 
nel can be utilized independently or via sequential combinations of 
4x2,2x4, or 1 x 8 channels. This optimizes user workflow, regard- 
ess of whether discrete or common reagents need to be delivered 
to particular sensor chip positions. 

SAW Instruments GmbH 

For info: +49-(0)-228-812876-0 | www.saw-instruments.de 


DNA BARCODES 

The NEXTflex-96 DNA Barcodes reduce the costs associated with 
next generation sequencing by increasing throughput using barcoded 
indices. This allows the user to pool multiple library preparations in 
a single flow cell lane. The NEXTflex-96 DNA Barcodes accomplish 
this by providing 96 indexed adapters, each of which contains a 


The Rolera Bolt Scientific CMOS camera is a high-speed imaging alternative that is less than 
half the cost of most scientific complementary metal oxide semiconductor (CMOS) and charge- 
coupled device (CCD) cameras. Designed for low-light imaging, the Rolera Bolt is especially suited 
for biomedical imaging as more research moves toward live-cell and whole-organism studies at 
video frame rates. This includes motility studies in which dynamic events need to be captured with 
high spatial and temporal resolution in order to provide the maximum amount of information to 
the researcher. The camera's technical features include a high quantum efficiency 1.3 megapixel 
sensor (3.63 um x 3.63 um pixel size) combined with low read noise (~3e7) and high-speed (30 
frames per second full resolution) simultaneous readout. Using new Pixel-Freeze Technology, 
dark current is reduced to nearly undetectable levels, eliminating the need for an expensive Peltier 
cooling system. This allows for a lightweight, compact design with minimal power requirements. 


LIFE SCIENCE TECHNOLOGIES 
NEW PRODUCTS 


unique eight-nucleotide sequence. The indices are designed to 
be error resistant and allowing for proper differentiation between 
samples. Using the NEXTflex-96 DNA Barcodes, the index is added 
to the sample during the adapter ligation step, allowing polymerase 
chain reaction (PCR) amplification to be reduced or eliminated, thus 
minimizing amplification-based bias and preventing poor reads from 
single base errors introduced during PCR. These barcodes can be 
used to multiplex genomic DNA, RNA, and ChIP sequencing libraries. 
Bioo Scientific 

For info: 888-208-2246 | www.biooscientific.com 


ELECTRONIC MICROPLATE SEALER 

Designed for convenience, the compact MiniSeal only requires plug- 
ging into a single electrical outlet to operate. This eliminates the need 
to place your thermal sealer near a compressed air source or buy a 
dedicated compressor. Unlike hand-operated manual thermal seal- 
ers, the MiniSeal uses a preset sealing pressure to deliver highly re- 
producible plate seals time after time. To complement its ease of use 
and high-quality plate sealing, the MiniSeal ensures operator safety 
with Its unique twin-button operation. The MiniSeal offers research- 
ers a reliable and productive sealing tool for maintaining the integrity 
of their samples while in storage. The versatile device is capable of 
producing an accurate and tight seal on any standard, deep-well, or 
polymerase chain reaction (PCR) microplate from 3 to 62 mm in height. 
Offering adjustable temperature heat-sealing from 50°C up to 200°C, 
MiniSeal is able to operate optimally with most foil and film seals. 
Porvair Sciences 

For info: +44-(0)-1372-824290 | www.porvair-sciences.com 


STEROID/DRUG/COMPOUND IMMOBILIZATION KIT 

The SDC (Steroid/Drug/Compound) Immobilization Kit generates 
affinity resins by immobilizing steroids, drugs, and other chemical 
compounds. Immobilization is preformed through active hydrogens, 
eliminating the need for primary amines, sulfhydryls, carbonyls, 
and other common coupling groups. The coupling uses the Man- 
nich reaction, described as the condensation of formaldehyde with 
ammonia in the form of its salt, and another compound containing 
active hydrogen. The SDC Immobilization kit replaces the ammonia 
with the primary amine on the DADPA and the active hydrogen is 
supplied by the steroid, drug, or chemical compound to be coupled. 
The SDC Immobilization Kit is ideal for the generation of five 2 mL 
affinity columns. 

G-Biosciences 

For info: 800-628-7730 | www.gbiosciences.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 
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POSITIONS OPEN 


ASSOCIATE DEAN for 


Research and Graduate Education 


The University of South Carolina School of Med- 
icine in Columbia, South Carolina, invites applications 
for the position of Associate Dean for Research and 
Graduate Education. The Associate Dean for Research 
and Graduate Education is a senior-level faculty po- 
sition reporting directly to the Dean. The candidate 
who fills this faculty position will provide vision and 
leadership around the School’s research mission as it 
builds its extramural funding base and expands its 
reputation for scholarly excellence. Internally, the po- 
sition works closely with the Dean, Dean’s staff, de- 
partmental chairpersons and administrators, and the 
central administration of the University. Externally, 
the position works closely with the leadership of the 
School of Medicine’s affiliated hospitals and agencies, 
and with the various funding, regulatory, and accredit- 
ing bodies of the School of Medicine. Additionally, the 
position will oversee and coordinate the graduate pro- 
grams in the School of Medicine. A successful candi- 
date must qualify for a faculty appointment at the rank 
of PROFESSOR. 

Outline of Desired Qualifications: M.D./Ph.D. or 
M.D./D.O. with a record of federally funded research, 
or Ph.D. with significant clinical trials research; Na- 
tional recognition as a scholar; Proven success as an ex- 
tramurally funded researcher; Extensive experience with 
federal funding agencies and regulatory compliance; 
Management experience in an academic environment; 
Commitment to promoting a culture that nurtures di- 
verse forms of inquiry and scholarship; Demonstrated 
evidence of strong interpersonal and communications 
skills; Experience planning, implementing, and sustain- 
ing comprehensive research centers or programs is highly 
desirable; Strong commitment towards cultural diver- 
sity and equal opportunity. 

An outline of the job responsibilities is available at 
website: http://hr.sc.edu/employ.html, Requisition 
#004321. Applications will be accepted until the po- 
sition is filled. Applicants should send a letter of inter- 
est and a curriculum vitae, and request three letters 
of reference to be sent under separate cover (Adobe 
Acrobat PDF format) to e-mail: lynn.heard@uscmed. 
sc.edu. The University of South Carolina is an Equal Oppor- 
tunity Employer and specifically invites and encourages applications 
from women and minorities. 


FACULTY POSITION 
Cell Biology with Expertise in 
Quantitative Imaging 

The Department of Biological Sciences at Wellesley 
College invites applications for a tenure-track faculty 
position at the rank of ASSISTANT PROFESSOR to 
start in August 2012. The position requires expertise in 
the use of quantitative imaging techniques to address 
fundamental questions in eukaryotic cellular/molecular 
biology. We seek broadly trained biologists who are 
strongly committed to excellence in both teaching and 
research in a liberal arts college environment. In ad- 
dition to teaching in our cellular biology core curric- 
ulum, successful candidates would be expected to ofter 
advanced courses in their specialty, and to develop an 
active research program that involves undergraduates. 
A Ph.D. and postdoctoral experience are required. Ap- 
plications should include a cover letter, curriculum vi- 
tae, statements of teaching and research interests, a 
statement describing the candidate’s training and ex- 
perience with quantitative imaging techniques, and three 
letters of recommendation (the online application will 
request name and e-mail address in order for recom- 
menders or dossier services to submit letters directly). 
Materials should be submitted by visiting our applica- 
tion website: https: //career.wellesley.edu. If circum- 
stances make it impossible to submit materials online, 
please electronically send to e-mail: working@wellesley. 
edu. The deadline for receipt of all application mate- 
rials is February 17, 2012. 

Wellesley College is an Affirmative Action/Equal Opportunity 
Employer and we are committed to increasing the diversity of the 
college community and the curriculum. Candidates who believe they 
can contribute to that goal are encouraged to apply. 


POSITIONS OPEN 


PROFESSOR OF NEUROBIOLOGY 
Boston University 


The Biology Department invites applications for a 
tenured faculty appointment in neurobiology at the 
rank of full professor. We are particularly interested in 
innovative researchers who integrate cell and molecular 
neurobiology with systems neuroscience to study basic 
questions in signaling, synaptic function, development 
or learning and memory, and their connections to orga- 
nismal phenotypes. We seek a colleague with an inter- 
national reputation and an outstanding record of research 
accomplishment who will serve as a leader in the future 
development of neurobiology in the department and the 
broader neuroscience community at Boston University 
(BU). Responsibilities include training graduate students 
as part of a vigorous research program with extramural 
funding and participation in undergraduate and grad- 
uate instruction. The successful candidate will be of- 
fered laboratory facilities in our new interdisciplinary 
Life Science & Engineering Building, a competitive sal- 
ary, and generous startup funding. Review of appli- 
cations will begin 15 February 2012 and continue until 
the position is filled. Please use AcademicJobsOnline 
(website: https://academicjobsonline.org/ajo/ 
jobs/1368) to submit your application. Inquiries can 
be addressed to Michael Baum (e-mail: baum@bu.edu), 
Chair, Neurobiology Search Committee, or Michael 
Sorenson (e-mail: msoren@bu.edu), Chair, Depart- 
ment of Biology. Please visit the following websites for 
additional information about the Biology Department 
(website: http://www.bu.edu/biology/) and BU’s 
interdisciplinary programs in Neuroscience (website: 
http://www.bu.edu/neuro/). Boston University is an Equal 
Opportunity /Affirmative Action Employer. 


THE METHODIST HOSPITAL RESEARCH 
INSTITUTE 
Weill Cornell Medical College 


The Molecular Imaging Program at the Department 
of Translational Imaging develops novel agents and 
new technologies to image molecular processes and 
treat diseases. The research focuses on cancer, cardio- 
vascular disease, neurodegeneration, cell therapy, and 
nanomedicine. Several POSTDOCTORAL FELLOW 
positions are currently open for application. Self- 
motivated scientists with expertise in peptides, nano- 
technology, radiochemistry, photodynamic therapy, 
cell biology, and animal model are encouraged to join 
our dynamic research team. Please e-mail curriculum 
vitae and contact information of three references to 
Dr. Ching H. Tung at e-mail: ctung@tmhs.org. The 
Methodist Hospital Research Institute is centrally lo- 
cated in the world largest medical center in Houston, 
Texas. 


POSTDOCTORAL POSITION 


Full-time postdoctoral position available at the 
Loyola University Chicago Cardinal Bernadin Cancer 
Center. Candidates must hold M.D. or Ph.D. and have 
experience with methodologies relating to molecular 
biology and background in genitourinary oncology. 
Please forward curriculum vitae and cover letter to 
Gopal Gupta, M.D. via e-mail: gogupta@lumc.edu. 
Loyola University Health System is an Affirmative Action/Equal 
Opportunity Educator and Employer. The University undertakes 
affirmative action to assure equal employment opportunity for under- 
represented minorities, women, and persons with disabilities. 


DIRECTOR 


U.S. Geological Survey Western Fisheries Research 
Center, Seattle. Molecular to ecosystem scale fisheries 
research throughout the Western U.S.; six laboratory 
locations support genetic, conservation, habitat, climate 
change, and other investigations. Competitive salary and 
federal benefits. Apply at website: http://www.usajobs. 
gov. Title: Western Fisheries Research Center Director, 
GS-0401/0482-15. The federal government is an Equal Op- 
portunity Employer. 


13 JANUARY 2012 VOL 335 SCIENCE www.sciencecareers.org 


\ 


mitt NATIONAL INSTITUTES OF HEALTH 


Director, Office for Policy in Clinical Research Operations, Division of AIDS 


The Matanal instiutest Allerqyand Inacioos Oingsas 
AID} is soaking an axoaptional and vissonary laacer io 
tase Gf he sole of the direct, Ofe tor Policy on Cienicel 
Redear ch Operators (OPCAD) in ihe Oeieion of AIDS 
(DANES). Thee OP CAG rector is rasponsibe for oversight 
fa number of oifical factions to angore 1) ihe sound 
fondue of clinical trials; 2) compact applicatla 
regulations. etandarde, and good sractics quidalires 
3) etudty perticina it eafaty and walfare; amd 4) tuck 
quality.and integrity, The OF CAC director oversees four 
branches composnd of 20 foderal ampooyons as wall aia 
TUM bet of on-8ie contractors. The GCAO director alga 
EarvEe aa cay advieee to tha DAIDS director and wo 
eclamific orograms on al! clinital ressanrch overeach 
jesus; Provees objective, cxparience-besec guidance 
and overechl, wd is tesponsibie for identilying. and 
facing a vafiety ol complex clinical trials management 
policy. and adminigtretive laswes. There Sseuge require 
mage coordination and interfacing with other programs 
within MAID; NIA, ether fadord agencies, phannacmutical 
DOMpanina, ano patient atyncacy and community groups. 
‘Opel tet Applicants mest possess an KAO, ce 
nquivalané degeen wih speculization in aternal mesic re, 
infectiqusdlissages, of any coer medical suecelly Ural will 
lnad tn eapertve in infectious diteeses research with a fecus 


an HANDS, In actdition, the candidatewmust haw 
demonshraced sil in 1) working hth independant and 
Sollaborabvely in planning, erganigng, and conducting! 
averse ein clinical Uiale, 2] serving ellectivety im clinical 
feeerc apagnenm administration: and Shatectwe 
POPmunicaticas and ppllahapabons 

Soplicater Pecess: Provide curiculum vitae, 
bibliography, ond a tne-page summary eeplaining 

Th) pour weiter Tor HIV ASIDS ell eesoanch; 2) your 
fase Ga Sein Ilerseted ie ihe poe thony aed al: ihe 
BSecitin ieodershio silla- ane eapariance you would bing 
to the AN ANS clinical msnanch programs at NIAID 
Sua it application pachage to Mr, Robert Gulokoewcki, 
Office-cf th Director, DAIDS, MAID, 6700-8 Rockledge 
Orwe. Fear 2140, Bateeda, MD 208S2-? B20, and 
TaTEeNee announcamont niueper OAS-11-1. 

The daadling for recip of applications-is danwary 21, 
2012. Direct any inquirlds to Mr, Gulabaeski at 
julakowiirseid nih gcre or D1 IG 60545. A) infomation 
provided by applicants will ranain confidential and will 
be mavlnwedt ceiy by auahorized ALAND officials. 


National Institute of Allergy and Infectious Diseases 


The successful candideta will fe appointed under the Tite 
4016 autarh) at acsalanrommensitain wath eaparianna, The 
maamum annus! hase satary 6 3290,000, with a maximum 
total eraual compengabon limit of 3240,000. 4 full package of 
benefits is also available, including retirement; hestih, lite. aK 
long-tem: cara InRUance; aeral and sick keawes and a chr 
savings plan (401K equivealnnt). This posites is subect to 
Panctal dieelosure req uineenenbe. 

To Imarn more about NIAID ad howe you can play a pale im this 
BaCiLINg- andl chynaitic research: of ganication, visit-usgian the Web 
Ot Wee ieee sill po ter eer mdiet. 


THE NEHUIS DEDICATED TO BUILDING A EIVERSE COMMUNITY IN ITS TRAINING AND EMPLOYMENT PROGRAMS 


online @sciencecareers.org 


Science Careers 


The Ohio State University |Wwww.osu.edu 


ir 
Division of Oral Biology 


The Ohio State University College of 
Dentistry invites applications and 
nominations for the position of Chair, 
Division of Oral Biology. 


We seek a candidate with a strong research program relevant to the oral 
health sciences and the vision to expand ongoing research and educational 
efforts in the Division and College. Essential strengths include a history of 
leadership and attributes that promote interdisciplinary research and 
collegiality. The position comes witha generous start up package, customized 
lab space, research personnel support, and a discretionary allocation for 
additional research needs. 


Requirements: PhD, DDS/PhD or MD/PhD or equivalent degree; history 
of leadership and attributes that promote interdisciplinary research and 
collegiality and history of sustained research funding. 


Review of applications will begin immediately and continue until 
the positions filled. Only electronic applications will be accepted 

forthis position. 

For further information and to apply for this position, visit 
www.dent.ohio-state.edu/oralbiochairsear 


To build a diverse workforce Ohio State encourages applications from individuals with disabilities, 
veterans and women. EEO/AA employer. 


SCHOOL OF MEDICINE 
INDEASA UNIVERSITY 
Daniel and Lori Efroymson Chair in Oncology 


Indiana University Melvin and Bren Simon Cancer at Indiana Univer- 
sity School of Medicine is seeking applications and nominations for the 
Daniel and Lori Efroymson Chair in Oncology. This is a major recruitment 
aimed to solidify and dramatically increase both basic and translational 
research programs in gastrointestinal malignancies at the IU Simon Cancer 
Center. The candidate for this endowed chair will have a distinguished 
and collaborative track record in cancer biology with a strong focus on 
gastrointestinal malignancies. 


The position offers a generous start-up package including the Chair, 
highly competitive salary, ample laboratory space, and a tenured academic 
appointment at the level of full professor. Indiana University School of 
Medicine offers a highly interactive scientific environment with many 
multidisciplinary centers and state-of-the-art core facilities including 
transgenic, imaging, genomic, proteomic, and chemical genomics (http: 
//www.medicine.iu.edu/research). Successful applicants must hold a PhD, 
MD, MD/PhD, or equivalent degree, have a successful academic career, 
evidence of productive collaboration, strong interpersonal and communi- 
cation skills, and a history of significant peer-reviewed funding. Women 
and under-represented minority candidates are particularly urged to apply. 
Applicants should send C.V., a brief summary of past accomplishments, 
future research plans, and the names and email addresses of at least three 
references to: 

Patrick J. Loehrer Sr., MD 

Director, [U Simon Cancer Center 
Associate Dean for Cancer Research 
Indiana University School of Medicine 
535 Barnhill Drive, Room 455 
Indianapolis, Indiana 46202 
Phone 317-278-0070 Fax 317-278-0074 
Email: eparsons@iupui.edu 


Indiana University is an EEO/AA Employer, M/F/D. 


MICHIGAN STATE 
UM VER SITY 
REPRODUCTIVE AND DEVELOPMENTAL SCIENCES PROGRAM 


The Reproductive and Developmental Sciences Program (RDSP) at Michigan 
State University is undergoing a major expansion in conjunction with the Center 
for Women’s Health Research and the Engineering and Health Initiative. This 
expansion is a joint effort between the Colleges of Human Medicine, Agricul- 
ture and Natural Resources, Veterinary Medicine, and MSU AgBioResearch. 
Applications are invited from outstanding scholars for up to eight tenure track 
positions at the ranks of Assistant, Associate and Full Professor. Individuals with 
a Ph.D., MD, DVM, DO or a combination of advanced degrees with excellent 
post-doctoral training and/or an established track record of scholarship and 
funding are invited to submit their applications. The individuals should be com- 
mitted to interdisciplinary and collaborative research focused on Reproduction 
and Development and will be part of an established and vibrant joint program 
involving faculty in East Lansing and Grand Rapids. It is expected that the 
junior faculty candidates will complement the interests of the senior faculty 
hires to enhance existing programs or develop focused and thematic areas of 
expertise that will lead to further scientific advancement and the development of 
multi-investigator projects for extramural funding. The positions will be within 
the Department of Obstetrics, Gynecology and Reproductive Biology in the 
College of Human Medicine, the Department of Animal Science in the College 
of Agriculture and Natural Resources and the Department of Physiology in the 
College of Veterinary Medicine. The primary areas of emphasis are Stem Cells 
and Regenerative Medicine, Developmental Epigenetics, Environmental Impact 
on Reproduction and Development and Women’s Health and Reproduction. 
Excellent start up and benefit packages commensurate with academic rank are 
associated with these positions. 


Interested applicants should submit detailed curriculum vitae, a summary of 
research plans and future goals and names and contact information for three 
referees to: Asgi Fazleabas and George Smith, C/O Jane Worthington, RDSP 
Faculty Cluster Hire, 1230 Anthony Hall, East Lansing, MI 48824-1225; 
517-353-8778 (phone); rdsp@msu.edu; http://rdsp.canr.msu.edu. 


Michigan State University is an Equal Opportunity/Affirmative Action 
Employer. 
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Deseinaied Cancer Cem 


The Hollings Cancer Center (HCC), an NCI-Designated Cancer 
Center at the Medical University of South Carolina, is recruiting for a 
Deputy Director. Applicants for this position should have a record of 
accomplishments in either a clinical/ translational or basic science area and 
experience in developing complex integrative programs. In addition, the 
applicant should have significant administrative leadership experience. The 
position entails working closely with the Director to further the clinical, 
translational, and basic research goals of the Center. It includes community 
outreach, fundraising, legislative relations, working with internal and 
external advisory boards, and providing direction for associate directors 
and program leaders within the Center. 


With a research portfolio of more than $40M in extramural funding, the 
HCC is undergoing rapid growth that requires continued development ofa 
strong basic, translational and clinical research leadership team as it pursues 
NCI Comprehensive Center status. HCC has more than 120 researchers 
organized into five scientific programs with two new research buildings, 
and a total research space of 120,000 sq. ft. 


The Medical University of South Carolina is located in historic Charleston 
on the Atlantic Ocean, a city known for its excellent schools and colleges, 
rich cultural offerings, and recreational activities such as beaches, sailing, 
fishing, golf and tennis. If you have interest in this position, please send 
your curriculum vitae to Tara Campbell at campbetb@musc.edu with a 
letter describing your background and goals. For further information about 
the HCC, consult our website at http://www.hec.musc.edu. 


The Medical University of South Carolina is an Affirmative Action, 
Equal Opportunity Employer. 
Minorities and women are encouraged to apply. 


Institute of Molecular Medicine, Peking University 


The Institute of Molecular Medicine (IMM) is an autonomous research and educational institute at Peking University 
(PKU), focusing on basic and translational study of cardiovascular and metabolic diseases. Inaugurated in 2005, IMM 
has now blossomed into an international and leading research institute in cardiovascular science, demonstrated by its 
excellent track record of scientific discoveries, public service, and training of future leaders in biomedicine and 


biotechnology. 


Located by Wei-Ming Lake and Bo-Ya Tower, IMM houses eleven interdisciplinary laboratories and several 
comprehensive core technology facilities including a world-class nonhuman primate platform. With strong support from 
the Chinese National 985 Program, IMM laboratories receive generous institutional funding for personnel, laboratory 
consumables and equipment, and competitive employment benefits. Moreover, through the newly-established joint 
program with the National Center for Cardiovascular Diseases (FuWai Hospital), participating IMM laboratories are 
entitled to additional financial support and have access to abundant clinical resources. 


IMM always values challenging and longer-term research initiatives, deep collaboration, and innovation through 
integration. After six years’ development, we are now ready for a significant expansion. Applications are cordially invited 


for positions at the Principal Investigator (Pl), Co-Principal Investigator (Co-Pl) and Postdoc levels. 


PI positions: We are recruiting up to 10 outstanding scientists seeking to establish independent research programs in 
areas including, but not limited to, cardiovascular stem cell biology and regenerative medicine, cardiometabolic 
proteomics and genomics, mitochondrial biomedicine, GPCR signaling, and RNA therapeutics. Competitive 
candidates are especially encouraged to apply for the national “Thousand Talents Program (type A, full-time)” and the 
national “Thousand Young Talents Program’. Successful applicants who participate in the aforementioned IMM-FuWai 
joint program will have the choice of primary appointment in either institute. Applicants with demonstrated academic 
excellence and leadership in their respective fields should submit a CV, a statement of research interests (past and 


future), and the contact details of three academic referees in PDF format by email to imm_recruit@pku.edu.cn. 


Non-independent Co-PI positions: We are looking for young and promising scientists (M.D. or Ph.D.) who will take up 
co-PI positions in the Laboratories of Nucleic Acid Technology (Dr. Zicai Liang), Cellular Biophysics (Dr. Zhuan Zhou), 
Calcium Signaling and Mitochondrial Biomedicine (Dr. Heping Cheng), Human Population Genetics (Dr. Xiaoli Tian), 
Molecular Pharmacology (Dr. Yuchun Gu), and Cell Secretion and Metabolism (Dr. Liangyi Chen). Successful applicants 
are expected to team up with their respective Pls to run scientific programs, mentor graduate students, and supervise 
technicians in the laboratory. The applicants should submit a CV, a statement of research interests, and the contact 
details of three academic referees by email to imm_recruit@pku.edu.cn and state the name of the intended laboratory 


in the cover letter. 


Postdoc positions: Please directly contact the Pls of the laboratories in which you are interested. Competitive 
candidates may apply for additional support from the postdoctoral fellowships established by the Peking 


University-Tsinghua University Joint Center for Life Sciences. 


You can learn more about IMM, individual laboratories, and this recruitment at www.imm.pku.edu.cn and 


www.imm.pku.edu.cn/recruit_2012. The deadline for application is July 15", 2012, or until filled. 
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NDSU 


THREE ASSISTANT PROFESSOR FACULTY POSITIONS 
Department of Veterinary and Microbiological Sciences 
North Dakota State University 
Fargo, North Dakota 58108 


The Department of Veterinary and Microbiological Sciences is seeking 
three, tenure-track faculty members at the Assistant Professor level. 


Infectious Disease and Public Health (http://jobs.ndsu.edu/postings/ 
1666): We invite applications from scientists with research and/or teaching 
interests that focus on the impact of infectious diseases on public health. 
These interests could include, but are not limited to, the ecology, evolution, 
and epidemiology of infectious diseases. 


Microbial Pathogenesis (http://jobs.ndsu.edu/postings/1604): We invite 
applications from scientists with research interests in microbial patho- 
genesis of human and/or animal diseases. Broadly defined, this includes, 
but is not limited to, the disciplines of bacteriology, virology, mycology, 
parasitology, and immunology. 


Foodborne Disease Pathogenesis (http://jobs.ndsu.edu/postings/1665): 
We invite applications from scientists with research interests that focus 
on the mechanisms by which foodborne pathogens cause disease in 
humans. 


For further information about these positions, please visit www.ndsu.edu/ 
vetandmicro/facultypositions/. Review of applications will begin Febru- 
ary 24, 2012 and positions will remain open until filled. Positions will be 
available beginning July or August, 2012. If you have questions or need 
additional information contact Dr. Penelope Gibbs at (701) 231 6726 or 
penelope.gibbs@ndsu.edu. 


Women and other members of traditionally underrepresented groups 
are encouraged to apply. North Dakota State University is an Equal 
Opportunity/Affirmative Action Employer. NDSU is an NSF ADVANCE 
and Carnegie Very High Research Activity Institution. These positions 
are exempt from North Dakota Veterans’ Preference requirements. 


(nu) Georgia Health 


<me 2clences University 
Tenure Track Faculty Positions 


The Section of Experimental Medicine in the Department of Medicine at 
Georgia Health Sciences University is recruiting tenure track faculty at the 
Assistant, Associate, or Professor level (academic rank commensurate with 
experience). The successful candidates will have an earned Ph.D., M.D. or 
M.D./Ph.D. degree. They will join an active group of extramurally-funded 
research faculty currently supported by two Program Project Grants and 
numerous other national level awards focused on hypertension, diabetes, 
and/or kidney disease. The mission of the Section of Experimental Medicine 
is to foster and initiate basic and clinical research in a translational fashion. 
Weare specifically dedicated to growth and development of clinically relevant 
research programs in collaboration with other sections of the department 
in recently renovated laboratories utilizing state-of-the-art equipment. The 
candidates are expected to develop an active, extramurally-funded research 
program in basic or clinical aspects of cardiology, nephrology, or endocrinol- 
ogy. A particular interest in translational research and the willingness and 
ability to collaborate with clinical investigators is required. They will have the 
opportunity to participate in a NIH-funded T32 institutional training program 
in Integrative Cardiovascular Biology. Participation in educational and service 
activities within the university is also expected. Highly competitive salary 
and start-up package, commensurate with prior experience, will be provided. 
Interested individuals should apply for this position through our website at: 
http://www.georgiahealth.edu/facultyjobs/, MCG-Experimental requisi- 
tion 5837. Application materials should include a detailed CV, statement of 
research goals and contact information for three references. Applications will 
be reviewed beginning in late February and remain open until filled. 


For more information about the position please contact: David M. Pollock, 
Ph.D., Regents Professor and Chief, Section of Experimental Medicine, 
Department of Medicine, Georgia Health Sciences University, Augusta, 
GA 30912; dpollock@georgiahealth.edu. 


Georgia Health Sciences University is an Equal Opportunity and Equal 
Access Institution. Applications from women and underrepresented 
minorities are particularly encouraged. 


FELLOWSHIPS 


Jahn Innes Centre 


INDEPENDENT 
RESEARCH 


FELLOWSHIPS 


The John Innes Centre (JIC), Norwich, UK is a world leading centre 

of excellence in plant and microbial sciences based on the Norwich 
Research Park. We are inviting applications from outstanding researchers 
who either hold, or wish to apply for Independent Research Fellowships, 
to attend a Conference at the JIC on 30th April/Ist May 2012. At the 
meeting you will be able to present a talk about your proposed area of 
research and to discuss your proposals, the development of your group 
and your future career plans in depth with senior JIC Scientists. 


After the Conference we will select and mentor outstanding 
candidates in writing Fellowship applications and/or offer the 
opportunity to move existing Fellowships to the JIC. 


Further details and particulars can be found at 
http://www. jic.ac.uk/corporate/opportunities/vacancies/fellows.htm 


Please e-mail a 2-page summary of your research plan, a copy 
of your CV and arrange for three letters of recommendation to be 
emailed to dawn.barrett@jic.ac.uk by Friday 16th March 2012 


The John Innes Centre is a registered 


charity (No223852) grant-aided by 
the Biotechnology and Biological : 
© — Sciences Research Council and a | 


SisuyF is an Equal Opportunities Employer. 


FLORIDA ATLANTIC 
UNIVERSITY 


Professor of Neuroscience 


Florida Atlantic University seeks to hire a neuroscientist at the rank of full 
professor who will join a new neuroscience initiative on the university’s 
MacArthur campus located in in Jupiter, Florida. We are interested in candi- 
dates with a well-established research program who will complement existing 
strengths at FAU in the Biology and Psychology Departments. Although all 
applicants with an interest in the neurosciences will be considered, appli- 
cants with an exceptional record of accomplishment in molecular and/or 
cellular neuroscience are strongly encouraged to apply. The Max Planck 
Florida Institute (MPFI) and The Scripps Research Institute (Scripps Florida) 
have recently established new research facilities on the MacArthur campus 


adjacent to the FAU-Life Science buildings that will house the neuroscience 
program. Ample opportunities exist for interaction and collaboration with 
their scientists, and as an initial step in this collaboration, a joint graduate 
program between FAU and MPFI has been established and admitted its first 
students this year (see http://www.science.fau.edu/neuroscience/iban/). A 
competitive start-up package will be available. 


Interested applicants for this position should go to https://jobs.fau.edu and 
search postings for position #991114. Applications must be filed electroni- 
cally and should include a cover letter stating your interest and a personal 
statement of research and teaching interests, a full CV as well as names 
and contact information for three referees. Applications will be considered 
beginning January 1, 2012 and the position will remain open until a suitable 
candidate is hired. A background check is required for candidates selected 
for these positions. Questions about the search can be directed to Dr. Rod 
Murphey, Search Chair and Chairman, Department of Biological Sci- 
ences, 777 Glades Rd., Boca Raton, FL 33431; rmurphey@fau.edu; 
phone: (561) 297-0384. 


FAU is an Equal Opportunity/Equal Access Institution. 


MMV 2012 10“ Call for Proposals 


MMV welcomes projects in the hits-to-lead stage 
for new families of molecules specifically address- 
ing the key priorities of the malaria eradication 
agenda: transmission blocking and prevention of P. 
vivax relapse. Proposals for chemical series with 
the potential for P._ falciparum chemoprevention or 
blood stage efficacy as a result of long-half lives 
are encouraged, though the project should already 
have initial confirmation of in vivo oral blood stage 
activity. Early target validation falls outside of 
our mandate. 


In the clinical arena, MMV welcomes proposals for 
the clinical development of new chemical entities. 
We have a strong pipeline of new molecules, and so 
welcome applications regarding capacity building 
to develop new sites for first-in-patient testing of 
these new molecules, including both blood stage, 
transmission blocking and vivax anti-relapse 
capabilities. 


Templates for the 3-page Letter of Interest 
to apply for the above Call can be found at 
www.mmv.org. 


In addition, to celebrate the release of the MMV 
Malaria Box www.mmv.org/malariabox. MMV 
will be offering up to ten Challenge Grants of 

USD 50,000. Proposals are expected to be at the 

concept stage (i.e. no prior experimental work is 

required) and to last no more than a year. These 

Challenge Grants will be prioritized based on sci- 

entific merit and according to the MMV strategy, 

and can constitute: 

i) Screening: testing the MMV Malaria Box 
against malaria and other parasitological 
assays 

ii) Medicinal Chemistry: perform hit-to-lead or 
optimization chemistry on any anti-malarial 
series 

ii) Translational and Clinical Development: new 
methods to study or validate the inhibition 
of P.vivax relapses or the interruption of 
transmission 


It is envisaged that applications for the MMV 
Challenge Grants shall be reviewed and awarded 
by May 2012. A 1-page template to apply can be 
found at www.mmv.org. 


Allapplications using the specified templates should 
be sent electronically to proposals@mmv.org by 
12 noon CET March 15th 2012. More details of 
the call can be found at www.mmv.org. 


CHAIR 
DEPARTMENT OF PHYSIOLOGY 


The Department of Physiology at Michigan State University 
(www.psl.msu.edu/) invites applications or nominations for the position of 
Professor and Department Chair. Exciting opportunities exist for bold 
leadership to take advantage of a major expansion of medical school 
education and translational research. A unique environment exists to 
develop the concept of “one medicine” based on the presence of allopathic 
(M.D.), osteopathic (D.O.) and veterinary (D.V.M.) medical colleges as well 
as an outstanding College of Natural Science. The Department of 
Physiology has affiliations with each of these colleges, providing faculty 
and support for integrative and translational research in physiology and 
disease pathogenesis. These features provide excellent opportunities for 
expanded resources and cross-college program building. The goal is to 
appoint someone with foresight and leadership skills to coalesce these 
opportunities into a new vision for the department and effectively develop 
this vision through recruitment of new faculty who will enhance 
interdisciplinary research within the department and across the university. 
The department has 31 full-time faculty members and maintains a vibrant 
program of research, and graduate, professional and undergraduate 
education including one of the nation’s largest undergraduate degree 
programs in physiology. 

We seek a candidate with an internationally recognized research program 
that has been consistently funded extramurally. All areas of physiology- 
related research will be considered but particular interest will be given to 
candidates whose research complements and integrates with existing 
departmental strengths in cancer biology, metabolic disease, 
cardiovascular physiology and neuroscience. Applicants should hold a 
Ph.D. degree or equivalent in physiology or related field and the academic 
credentials of the individual must be consistent with a tenured professor 
appointment at Michigan State University. The successful candidate will 
have previous administrative experience relevant to the research, 
teaching and service activities of an academic department. This 
experience would include personnel and budget management, research 
program building and mentoring young scientists. The successful 
candidate will also have a strong commitment to graduate, undergraduate 
and professional medical education. 


The Department of Physiology is housed in the Biomedical and Physical 
Sciences building with 50,000 sq. feet of modern laboratory and office 
space. This space is physically connected to the departments of 
Biochemistry and Molecular Biology and Microbiology and Molecular 
Genetics with whom extensive departmental collaborations exist. 
Departmental research is enhanced through access to university 
supported bioinformatics, genomics, imaging, proteomics and animal core 
facilities. 


The search committee is committed to respecting and maintaining 
confidentiality. Application materials must include a statement of interest 
highlighting specific strengths related to this position, including previous 
administrative experience and accomplishments, research interests and 
plans, funding history, a statement of commitment to diversity, curriculum 
vitae and the names of three references (not to be contacted without the 
permission of the applicant). Send application materials to Amy Baker 
(bakera@msu.edu) in the College of Human Medicine Dean’s Office. To 
ensure full consideration, please submit application materials by March 1, 
2012, although the position will remain open until filled. 


MICHIGAN STATE 
UNIVERSITY 


Further information can be obtained from: 
Dr. James J. Galligan 
Chair, Physiology Chair Search Committee 
Giltner Hall Room 108 
Michigan State University 
East Lansing, MI 48824 
galliga1 @msu.edu 
517-353-4776 


MSU is committed to achieving excellence through cultural diversity. The 
University actively encourages applications and/or nominations of women, 
persons of color, veterans and persons with disabilities. 


MSU is an Affirmative Action, 
Equal Opportunity Employer. 
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Science Careers 


Science Careers 


is the forum that 
answers questions. 


Science Careers is dedicated to 
opening new doors and answering 
questions on career topics that 
matter to you. We’re the go-to 
career site for connecting with 

top employers, industry experts, and 
your peers. We’re the source for the 
latest and most relevant career 
information across the globe. 


Your Future 
Awaits. 


With community feedback anda 
professional atmosphere, our careers 
forum allows you to connect with 
colleagues and associates to get 

the advice and guidance you seek. 


Science Careers Forum: 


Relevant Career Topics 
Advice and Answers 
Community, Connections, 
and More! 


OWA STATE UNIVERSITY 


ASSISTANT, ASSOCIATE, OR FULL 
PROFESSOR in Macroscopic Anatomy. 
Department of Biomedical Sciences (BMS), 
College of Veterinary Medicine, lowa State 
University. Tenure track full-time 12-month 
position with rank and salary commensurate 
with qualifications. Successful candidate will 
teach the gross anatomy of domestic animals 
to veterinary and graduate students, mentor 
graduate students and maintain a dynamic 
extramurally funded research program in an 
area of her/his choosing. The department is 
seeking energetic candidates to join a dynamic 
and growing faculty and to interact in interdis- 
ciplinary graduate programs. Currently, the 
department has strong NIH funded research pro- 
grams in translational medicine, neuroscience, 
neurotoxicology, pharmacology, parasitology, 
cellular/molecular biology, biomedical imaging 
and vaccinology. Additional BMS information: 
www.vetmed.iastate.edu/bms/. 


Application Deadline: March 16, 2012. See ISU 
website for required and preferred qualifications. 
All applications must be submitted electroni- 
cally. To apply: https://www.iastatejobs.com 
(Vacancy #111204). Questions regarding 
vacancy: Anumantha Kanthasamy, BMS 
Chair, akanthas@iastate.edu or Srdija Jef- 
tinija, Search Chair, sjeftini@iastate.edu. 
Questions regarding application process: 
employment@iastate.edu or call 515-294- 
4800 (Toll Free: 1-877-477-7485). 


Iowa State University is an 
Affirmative Action Employer. 


Visit the forum and get your 
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Brought to you by the 
AAAS/Science Business Office 


The Department of Microbiology, Immunology and Cell Biology 
West Virginia University School of Medicine 
invites applications for the 
Open Rank Faculty Position in Cancer Human Papilloma Virus Research 


A West Virginia University 


The Department of Microbiology, Immunology and Cell Biology seeks a distinguished scientist as Faculty (rank open) to further its scientific exploration 
and discovery that targets prevention and cure of cancer. The selected candidate will exhibit extraordinary potential for significantly advancing discoveries 
in the role of human papilloma virus (HPV) in cancer. He/she will hold a primary faculty appointment in the Department of Microbiology, Immunology 
and Cell Biology as well as membership in the Mary Babb Randolph Cancer Center (MBRCC) in the WVU School of Medicine. 


online @sciencecareers.org 


This joint recruitment with the MBRCC provides an exceptional opportunity to participate in robust, interdisciplinary basic and translational research 
and training programs in a highly collaborative atmosphere. Reporting to leadership in the Department of Microbiology, Immunology and Cell Biology 
and the MBRCC in the WVU School of Medicine, the appointed faculty will be provided support for conducting cancer-related HPV research and teach- 
ing medical virology. The successful candidate will be a recognized investigator, established in his/her field, with a PhD or MD/PhD degree and a track 
record of independent research, demonstrated by high quality publications in peer-reviewed journals and extramural funding commensurate with years 
of experience. Preferably, the selected candidate will bring research funding with him/her to the MBRCC in order to continue the pursuit of an already 
well-established, relevant cancer-related HPV research agenda. Dedicated laboratory space and operating funds will be made available. 


Founded in 1867, West Virginia University is 1 of only 11 research intensive land-grant institutions offering a single health sciences campus with accredited 
Schools of Medicine, Dentistry, Nursing, and Pharmacy and a formative School of Public Health. WVU is West Virginia’s major research and develop- 
ment center, and its only comprehensive doctoral-granting institution. Our faculty conduct research totaling over $138 million in sponsored contracts and 
grants per year. The Carnegie Foundation for the Advancement of Teaching classifies WVU as a comprehensive doctoral institution with medical programs 
— placing it among only 50 such public and 28 private institutions nationwide. 
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Nominations, applications (including a cover letter, vitae, and list of 3 professional references), expressions of interest, requests for information, or con- 
fidential inquiries should be directed (preferably electronically) to: 
Christopher Cuff, Ph.D., Chair, Search Committee 
c/o Tammy S. Miller (tsmiller@hsc.wvu.edu) 
Department of Microbiology, Immunology and Cell Biology 
West Virginia University School of Medicine 
Morgantown, WV 26506-9177 


The position remains open until filled. 


West Virginia University is an Affirmative Action/Equal Opportunity Employer. The Health Sciences Center is a tobacco-free campus. West Virginia 
University is the recipient of an NSF ADVANCE award for gender equity. 


GRADUATE PROGRAM 


University of 


Lancaster University, currently LANCASTER 
ranked as atop 10 UK Universityand yj yERSITY 


consistently ranked in the top one 
per cent of Universities in global 
rankings, invites applications for 
the following: 


Division of Biology 


Chair of Chemistry and 
Head of Department 


Salary subject to negotiation Reference: A322 


Lancaster University has announced the establishment of a 
Department of Chemistry from 2012 with the first cohort of 
undergraduate students starting in 2013. The first Professor 
and Head of Department will be expected to establish the 
Department, develop the degree programme, work with the 
University to develop infrastructure and appoint staff of the 
highest calibre. 


Master in Life Sciences 
Fast Track with consecutive PhD 


This international Master program of the University of Zurich is open to 
outstanding students, who wish to obtain a PhD degree in Life Sciences. 
Admission into the program is subject to a strict selection process. Applicants 
must hold a Bachelor degree in Biology or Biochemistry (alternatively, 
degrees in Bioinformatics or applied Mathematics may be acceptable). The 
Fast Track program covers the entire spectrum of the Life Sciences and offers 
a comprehensive and challenging education in a broad range of research 
fields. Financial support is provided in accordance with the guidelines of the 
Swiss National Science Foundation for PhD student salaries. 


The new Department will work across disciplines and you 
should have research interests which develop work in Analytical 
Chemistry, Computational Chemistry, Electrochemistry, Green 
or Sustainable Chemistry, or any other area of Chemistry which 
will mesh with our current activity. 


Informal enquiries to the Dean of Science and Technology, 


Professor Mary Smyth on +44 1524 593467, or 
m.smyth@Lancaster.ac.uk 
Closing date: 3rd February 2012. 


To apply, access further information or register for email 
job alerts please visit our website. 


www.hr-jobs.lancs.ac.uk 


Students in the Fast Track Master’s program in Life Sciences will follow the 

curriculum in the biology or biochemistry Master’s program that best suits 

their scientific interests. After successfully completing the Master's program, 
students will enter one of the PhD programs at the Life Science Zurich Grad- 
uate School. Students can integrate the results obtained during the Master’s 

thesis into their doctoral dissertation. 


Applications for the fall semester are welcome until February 28, and for the 
spring semester until September 30. www.biologie.uzh.ch > Fast Track 


| Get a Career Plan that Works. 


An exceptional career requires insightful planning and management. z 
That’s where Science Careers comes in. From job search to career Science Careers 
enhancement, Science Careers has the tools and resources. to help 

you achieve your goals. Get yourself on the right track today and geta 
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real career plan that works. Visit ScienceCareers.org. r ScienceCareers.org 
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DIVERSITY OF CA ROR Was 


UCRIVERSIDE 


Assistant, Associate or Full Professor Positions in Biomedical Sciences 


The Division of Biomedical Sciences within the new School of Medicine at the University of California Riverside is seeking to hire up to four new faculty 
members at the rank of Assistant, Associate or Full Professor. We are looking for accomplished research scientists in a number of specific areas including 
cancer, infectious disease, CNS neurological diseases, and cardiovascular and metabolic diseases. Preference will be given to those individuals examining 
molecular mechanisms of disease who are committed to a collaborative approach to research, and who are expert in their specific disease model. 


The successful candidate will be appointed in the Division of Biomedical Sciences, joining a faculty who have directed a successful M.D. program in collabora- 
tion with UCLA, since the late 1970s. The new School of Medicine at UCR will be the sixth University of California Medical School and will serve the rapidly 
growing and dynamic Inland Southern California region by training a much-needed physician workforce and catalyzing innovations in research, education, 
and health care delivery that improve the health of medically underserved populations. 


Areas of research within the Division include integrative immunology (vaccine development, neuro-immune, endocrine-immune, host- pathogen interactions), 
glial-neuronal interactions, neurodevelopmental disorders, cancer biology, cardiovascular disease, and diseases of ion transport. Particular strengths on the 
campus include genetics, epigenetics, genomics/bioinformatics, microRNAs, vector biology, bioengineering and nanotechnology, and synthetic and analytical 
chemistry. 


The Division of Biomedical Sciences sponsors an innovative Ph.D. program that integrates the core medical curriculum with biomedical graduate training and 
research. The successful candidate will be expected to teach in the medical curriculum and actively participate in the Biomedical Sciences Ph.D. program. As 
such, preference will be given to candidates who are capable of teaching neuro- and/or general pharmacology, pathology, infectious disease (microbiology/ 
virology), physiology (electrophysiology, renal or respiratory) or genetics. 


The University of California, Riverside is situated in an historic citrus growing area surrounded by mountain ranges. Riverside is about an hour away from ski 
slopes, surfing, or hiking in mountain or desert environments, and housing in the area is very affordable. The campus is also located in a prime position to take 
advantage of the other universities, research institutes, and biotech industries present in Southern California. 


Applicants must hold a Ph.D., M.D., Pharm D., or equivalent degree and qualify for a tenure-track/tenured faculty appointment at the University of California. 
Applications will be reviewed beginning February 27, 2012 and the positions will remain open until filled. To apply, please submit the following items: 

* Curriculum vitae 

¢ Statement of research accomplishments and goals and teaching expertise 

* Names of four individuals who will be asked to provide letters of reference once a short list is developed 
Electronic submissions are encouraged. Send the items to: Violet Vargas, Academic Personnel/HR Analyst, School of Medicine, University of California, 
Riverside, CA 92521; violet.vargas@ucr.edu. 


UC Riverside is an Equal Opportunity/Affirmative Action Employer. 


Computational Biosciences Initiative 


University of California Los Angeles 
Professor and 
Research Institute Director 


Position Announcement 
We seek nominations and applications for the Director of a new Computa- 
tional Biosciences Institute from distinguished scholars who would bring 
intellectual leadership and synergy to this new UCLA Institute. The Institute 
is a Chancellor’s Initiative, which is centered in the College of Letters and 
Sciences in partnership with the David Geffen School of Medicine (DGSOM), 
and participation from the Henry Samueli School of Engineering and Applied 
Mathematics (HSSEAS), and the School of Public Health (SPH). This Ini- 
tiative builds on more than 60 outstanding computational faculty members 
from more than 12 departments, many of who are affiliated with the recently 
established Interdepartmental PhD Program in Bioinformatics. The Initia- 
tive includes significant financial resources for new faculty appointments, 
renovated space for a new institute, a collaboratory that offers bioinformatic 
resources, and additional funding. See website: www.cbi.ucla.edu. 


The director’s research is expected to lie within the areas of bioinformatics, 
computational biology, genomics, epigenomics, proteomics and evolutionary 
genomics, and should in part concern novel computational, quantitative, or 
bioinformatics methodology. The director must have an outstanding record 
of scholarly publications and research support. The successful candidate will 
hold a primary appointment in a department associated with Division of Life 
Sciences or Physical Sciences of the UCLA College, and the option of joint 
appointments in other academic units including the School of Medicine. 


Letters of nomination and questions about the position should be sent to Dr. 
David Eisenberg at david.eisenberg@cbi.ucla.edu. Application materials 
should be submitted online through [www.mcedb.ucla.edu/compbiodir]. 
Please include a cover letter with a brief statement of research and vision, 
and CV. Review of applications will begin 10 February 2012. Please use 
position number 0865-1112-03 in all correspondence. 


As a campus with a diverse student body, we encourage applications from 
women, minorities, and individuals with a history of mentoring under- 
represented minorities in the sciences. UCLA is an Affirmative Action/ 

Equal Opportunity Employer with a strong institutional commitment to the 

achievement of faculty and staff diversity. 


[ MUSC 


| Mere | Carrer Lawreeerp 


Recruiting Scientists for the Lipid Signaling and Metabolism 
in Cancer Program 
Including Two Endowed Chair Positions 


The Hollings Cancer Center at the Medical University of South Carolina 
(MUSC) is pleased to announce at least four openings for Assistant, Associate 
and Professor level faculty positions with interest and experience in cancer 
lipid signaling and/or metabolism. State-of-the-art laboratories, outstanding 
resources and research support are available. Two of the four openings will 
be senior level positions, and will hold $2 million endowed chairs. We are 
seeking outstanding scientists who would complement and expand the existing 
program at MUSC. 


Candidates should have a national reputation in studying lipid metabolism/ 
signaling, or diverse metabolic pathways in the regulation of cancer 
pathogenesis/therapy, solid record of collaborative and peer-reviewed funded 
research. The Hollings Cancer Center is a National Cancer Institute Designated 
Center, and with its state-of-the-art research and shared resource facilities, 
including an outstanding Lipidomics Core, it has a strong culture of promoting 
basic and translational research. 


Located on the Atlantic coast, living in Charleston allows easy access to historic 
downtown, the beaches and fishing, as well as cultural events including theater, 
music, the Spoleto Festival and outstanding cuisine. 

Interested researchers should send their CV, a summary of future research plans 
and three references to: 

Andrew Kraft, M.D. 

Director, Hollings Cancer Center 


Besim Ogretmen, Ph.D. 
Professor and Eminent Scholar, 
Biochemistry and Molecular Biology 
Medical University of South Carolina 
86 Jonathan Lucas Street, Charleston, SC 29425 
campbetb@musc.edu 


MUSC is an Equal Opportunity Employer, 
promoting workplace diversity. 
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Download your free copy today. 


ScienceCareers.org/booklets 


The Informed 
CARERS ioc 


Polish the 
critical skills you need 
for a successful job search. 
Science Careers is offering a booklet 
of career advice on topics including 
choosing a career path, getting the most 
from a career fair, effective networking, 
marketing yourself to potential 
employers, and acing your 
job interview. 
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To download the booklet, just sign up for a free Science Careers job 
seeker account by visiting ScienceCareers.org/booklet. Already 
have an account? Just login and click the link from the 

“My Science Account” page. 
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Webinar: 


) 
The Hunt for Missing 
Heritability Ee 


Challenges and Opportunities for Nové 
Discovery in Non-European Populations 


TUESDAY, JANUARY 31, 2012 


12 noon Eastern @ 9 a.m. Pacific * 5 p.m. UK 


Characterizing the genetics of complex diseases has, to date, focused on common variants and predominantly 

on populations of European descent. GWAS methodologies have been successful in uncovering novel 
susceptibility loci for common disorders but the heritability of many disorders remains to be explained. 
Now, a growing number of investigators are looking beyond European cohorts to study common and rare 
variants in populations around the world, including African, Asian, and other ancestries in the hunt for novel 
susceptibility genes. 


(elas Bs THE THOUGHT-LEADERS ON OUR WEBINAR 
sa ellis Need PANEL WILL: 


e Discuss how population genetics integrates with the 
genetics of complex disease to reveal novel disease 
genes 


e Describe how the discovery of population-specific 
rare variants expands our understanding of complex 
diseases 


e Explain the importance of population-optimized 
strategies and tools that account for differences in 
genetic diversity and population admixture 


e Answer your questions live! 


Webinar sponsored by 


KO“ = Science 
Affymetrix sic 


Brought to you by the Science/AAAS 
Custom Publishing Office 


ay Ae 


Learn how current events 
are impacting your work. 


Science\nsider, the new policy blog from the journal Science, is your source 
for breaking news and instant analysis from the nexus of politics and science. 


Produced by an international team of science journalists, Sciencelnsider 
offers hard-hitting coverage on a range of issues including climate change, 
bioterrorism, research funding, and more. 


Before research happens at the bench, science policy is formulated in the 
halls of government. Make sure you understand how current events are 
impacting your work. Read Sciencelnsider today. 


www.Sciencelnsider.org 


Sciencelnsider 


Breaking news and analysis from the world of science policy 


GE & Science 
Prize for Young 
Life Scientists 


Congratulations to our 2011 winners! 


Dr. Erez Lieberman Aiden Dr. Eran Eden Dr. Felipe Karam Teixeira Dr. Tatsuya Tsukahara 
Grand Prize Winner and Regional Winner, Regional Winner, Europe Regional Winner, Asia 
Regional Winner, North America All Other Countries Essay: Mechanisms of Essay: CDK Directs the 
Essay: Zoom! Essay: Proteome Dynamics Transgenerational DNA Chromosome Passenger 
and Fate the of Individual Cancer = Methylation Inheritance Complex to Centromeres for 
Cells in Response to a Drug Chromosome Bi-Orientation 


www.gescienceprize.org 


GE Healthcare Science 
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things you didn’t 

(and 3 you probably 
shouldn’t) know about 
some of your most 
respected colleagues. 


One more data point on why you should spend more time 
at membercentral.aaas.org. There you can enjoy a feast 
of blogs, videos, webinars, discounts, and downloads 


created by and for the most insatiable brains around. 


MN AAAS 


membercentral.aaas.org MEMBERCENTRAL 


Science Mobile App 
Now Available for Android Phones 


Sclenceshot: How 
Spider Assassins 
Mimic Prey 


Ses The sqacher bec che prey 
4 Ba PN eT Ny Se 
wer nee fie joe Te 
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legged insect [ 
te Leh cha i nding on faci, 
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and foivdéed lhe Hhianwh when an 
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They say you never know when inspiration will strike. Features include: 

Download the Science mobile app for Android devices e Summaries and abstracts from 
and be ready the next time you’re inspired to read the Science, Science Translational 
latest news, research, and career advice from Science Medicine, and Science Signaling. 


on your mobile phone. 


Ability to e-mail full-text links. 


The latest news from ScienceNOW. 


Career advice articles from 
Science Careers. 


To download the Science 
mobile app for Android visit 
content.aaas.org/mobile, 
visit the Android Market 
on your phone, or just 
scan this barcode. 


Access to the Science weekly 
podcast and other multimedia. 


Content caching for reading 
without wi-fi access. 


PVAAA 


Produced by the Science/AAAS Custom Publishing Office 


LIFE SCIENCE TECHNOLOGIES 
NEW PRODUCTS 


HIGH-SPEED FLUORESCENCE IMAGING CAMERA 


Qlmaging 
For info: 800-874-9789 | www.qimaging.com 


The Rolera Bolt Scientific CMOS camera is a high-speed imaging alternative that is less than 
half the cost of most scientific complementary metal oxide semiconductor (CMOS) and charge- 
coupled device (CCD) cameras. Designed for low-light imaging, the Rolera Bolt is especially suited 
for biomedical imaging as more research moves toward live-cell and whole-organism studies at 
video frame rates. This includes motility studies in which dynamic events need to be captured with 
high spatial and temporal resolution in order to provide the maximum amount of information to 
the researcher. The camera’s technical features include a high quantum efficiency 1.3 megapixel 
sensor (3.63 um x 3.63 um pixel size) combined with low read noise (~3e7) and high-speed (30 
frames per second full resolution) simultaneous readout. Using new Pixel-Freeze Technology, 
dark current is reduced to nearly undetectable levels, eliminating the need for an expensive Peltier 
cooling system. This allows for a lightweight, compact design with minimal power requirements. 


HIGH CONTENT SCREENING SYSTEM 

Incorporating state-of-the-art detector and illumination technologies, 
the ImageXpress Micro XL System can capture cellular resolution 
images using a single field that encompasses one 384 well, maxi- 
mizing content up to twofold of what is acquired with standard cam- 
era HCS systems. This generous increase in field of view allows 
users to image twice the number of objects per image, minimizing 
the need to tile when capturing sizeable objects that span across 
the sample. The new MetaXpress 4 Software complements the 
ImageXpress Micro XL System by increasing image analysis speed 
100%, allowing acquisition and analysis of greater than 10 million 
cells per hour. Maintaining extensive sample and objective compat- 
ibility, combined with the longevity of a 10,000+ hour light source, 
the ImageXpress Micro XL System offers researchers an extremely 
flexible widefield high content screening system that can grow with 
expanding applications. 

Molecular Devices 

For info: 800-635-5577 | www.moleculardevices.com 


ACOUSTIC BIOSENSOR 

The samX acoustic biosensor features eight analysis channels and 
adaptable routing that expands the workflow options available for in- 
creased power and flexibility. The new system uses Surface Acoustic 
Wave technology to detect mass binding and protein conformational 
changes on whole cells. Unlike many similar detection platforms, 
the range of sam acoustic biosensors do not require complex label- 
ing methods, are real-time rather than equilibrium, and can be used 
to investigate living cells rather than fixed cells or purified proteins. 
The new samxX has two sensor chips for higher-end users, increas- 
ing the number of channels to eight, further facilitating the paral- 
el processing of samples. Using sophisticated fluidics, each chan- 
nel can be utilized independently or via sequential combinations of 
4x2,2x4, or 1 x 8 channels. This optimizes user workflow, regard- 
ess of whether discrete or common reagents need to be delivered 
to particular sensor chip positions. 

SAW Instruments GmbH 

For info: +49-(0)-228-812876-0 | www.saw-instruments.de 


DNA BARCODES 

The NEXTflex-96 DNA Barcodes reduce the costs associated with 
next generation sequencing by increasing throughput using barcoded 
indices. This allows the user to pool multiple library preparations in 
a single flow cell lane. The NEXTflex-96 DNA Barcodes accomplish 
this by providing 96 indexed adapters, each of which contains a 


unique eight-nucleotide sequence. The indices are designed to 
be error resistant and allowing for proper differentiation between 
samples. Using the NEXTflex-96 DNA Barcodes, the index is added 
to the sample during the adapter ligation step, allowing polymerase 
chain reaction (PCR) amplification to be reduced or eliminated, thus 
minimizing amplification-based bias and preventing poor reads from 
single base errors introduced during PCR. These barcodes can be 
used to multiplex genomic DNA, RNA, and ChIP sequencing libraries. 
Bioo Scientific 

For info: 888-208-2246 | www.biooscientific.com 


ELECTRONIC MICROPLATE SEALER 

Designed for convenience, the compact MiniSeal only requires plug- 
ging into a single electrical outlet to operate. This eliminates the need 
to place your thermal sealer near a compressed air source or buy a 
dedicated compressor. Unlike hand-operated manual thermal seal- 
ers, the MiniSeal uses a preset sealing pressure to deliver highly re- 
producible plate seals time after time. To complement its ease of use 
and high-quality plate sealing, the MiniSeal ensures operator safety 
with its unique twin-button operation. The MiniSeal offers research- 
ers a reliable and productive sealing tool for maintaining the integrity 
of their samples while in storage. The versatile device is capable of 
producing an accurate and tight seal on any standard, deep-well, or 
polymerase chain reaction (PCR) microplate from 3 to 62 mm in height. 
Offering adjustable temperature heat-sealing from 50°C up to 200°C, 
MiniSeal is able to operate optimally with most foil and film seals. 
Porvair Sciences 

For info: +44-(0)-1372-824290 | www.porvair-sciences.com 


STEROID/DRUG/COMPOUND IMMOBILIZATION KIT 

The SDC (Steroid/Drug/Compound) Immobilization Kit generates 
affinity resins by immobilizing steroids, drugs, and other chemical 
compounds. Immobilization is preformed through active hydrogens, 
eliminating the need for primary amines, sulfhydryls, carbonyls, 
and other common coupling groups. The coupling uses the Man- 
nich reaction, described as the condensation of formaldehyde with 
ammonia in the form of its salt, and another compound containing 
active hydrogen. The SDC Immobilization kit replaces the ammonia 
with the primary amine on the DADPA and the active hydrogen is 
supplied by the steroid, drug, or chemical compound to be coupled. 
The SDC Immobilization Kit is ideal for the generation of five 2 mL 
affinity columns. 

G-Biosciences 

For info: 800-628-7730 | www.gbiosciences.com 


Electronically submit your new product description or product literature information! Go to www.sciencemag.org/products/newproducts.dtl for more information. 


Newly offered instrumentation, apparatus, and laboratory materials of interest to researchers in all disciplines in academic, industrial, and governmental organizations are 
featured in this space. Emphasis is given to purpose, chief characteristics, and availability of products and materials. Endorsement by Science or AAAS of any products or 
materials mentioned is not implied. Additional information may be obtained from the manufacturer or supplier. 


www.sciencemag.org/products 
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2012 AAAS Annual Meeting 


Flattening the World: Building a Global Knowledge Society 


16-20 February, Vancouver 


Registration 
Discounted advance registration rates are 
available until Thursday, 26 January 2012. 


Take advantage of unlimited access to all symposia, 


seminars, topical lectures, plenary events, career 
workshops, the International Exhibition, and a 
variety of networking opportunities. 


Housing 

Special room rates and benefits are 
available to registrants. 

Forecasts show that the U.S. dollar will hold its 
strength against the Canadian dollar in 2012. 
Fairmont Hotel Vancouver 

Rate: $189 CAD single/double 


Professional: $295 Members/ $399 Non-Members _ Fairmont Pacific Rim 


Postdoc: $235 Members/$335 Non-Members 


K-12 Teacher: $235 Members/$335 Non-Members 


Emeritus: $235 Members/$335 Non-Members 
Student: $60 Members/$90 Non-Members 


Rate $225 CAD single/double 


Fairmont Waterfront 
Rate: $202 CAD single/double 


Hyatt Regency Vancouver 
Rate: $195 CAD single/double 


Pan Pacific Vancouver 

Rate: $208 CAD single/double 
Vancouver Marriott Pinnacle 
Downtown Hotel 

Rate: $195 CAD single/double 


Westin Bayshore 
Rate: $199 CAD single/double 


Rooms are available on a first-come, 
first-served basis until 24 January 2012. 


AAAS, publisher of Science, thanks the sponsors and supporters of the 2012 Annual Meeting 


Presenting sponsor 
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EUROPEAN COMMISSION 
European Research Area 


Silver Bronze 


Canada Ee 


ie ; Council of Canadian Academies 
HELMHOLTZ Conseil des académies canadiennes 
| ASS50CI4TION 


AAAS thanks ‘THE KAVLI FOUNDATION 


for its generous support of the Science Journalism Awards 


MY AAAS 


ADVANCING SCIENCE, SERVING SOCIETY 


For more information visit: www.aaas.org/meetings. 


R&D Systems Tools for Cell Biology Research™ 


Proteins R&D Systems Quantikine ELISAs 


Antibodies 
~— Ihe Most Referenced Immunoassays 
ee A direct measure of product quality is the frequency of citations in the scientific literature. R&D Systems has more 


than 20 years of experience designing, testing, and optimizing the most cited ELISA kits in the world. Find out why 


MultiAnalyte Profiling scientists trust R&D Systems ELISAs more than any other brand. 


Activity Assays R&D Systems is the Most Referenced ELISA Manufacturer NEW Quantikine ELISA Kits 


e a.1-Acid Glycoprotein 
e Angiopoietin-like 3 
e Cathepsin V 
e Clusterin 
ane  Dkk-1 
ystems a «EGF R/ErbB1 
Hlow Cytometry 41.8% — » EG-VEGF/PK1 
e FetuinA 
 FGF-21 
e Galectin-3 
e Gas 6 
e GDF-15 
e IL-17A/F Heterodimer 
e IL19 
e Lipocalin-2/NGAL 
e MBL 
e Proprotein Convertase 9/PCSK9 


Stem Cells 


ELISpot Kits 


Cell Selection 


Approximately 42% of Referenced Immunoassays are Developed and Manufactured by + Periostin/OSF-2 
R&D Systems. A survey of 860 manuscripts from 44 journals was conducted to compare the e Progranulin 
number of citations specifying the use of R&D Systems ELISAs to the number citing ELISAs from © ST2/IL-1 R4 
other commercial sources. A total of 433 ELISA citations referencing immunoassays from 66 e Thrombomodulin/CD141 
different vendors were identified in the survey. ° Tie-1 
e TIM-1/KIM-1 


For more information visit our website at www.RnDSystems.com/go/ELISA 


For research use only. Not for use in diagnostic procedures. 


R&D Systems, Inc. www.RnDSystems.com 


R&D Systems Europe, Ltd. www.RnDSystems.co.uk Wa 


R&D Systems China Co., Ltd. www.RnDSystemsChina.com.cn 
® 
SYSTEMS 


